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METHODS OF TREATING ILEUS 

Cross-Reference to Related Applications 
This application claims priority to U.S. Provisional Application No. 60/372,652 
filed April 15, 2002, which is incorporated herein by reference in its entirety. 

5 

Statement as to Federally Sponsored Research 
This invention was made with Government support under National Institutes of 
Health Grant Nos. HL55330, HL60234, GM58241 and GM53789 and AI42365. The 
Government has certain rights in this invention. 

10 

Technical Field 

This invention relates to the treatment of gastrointestinal disorders. 

Background 

Carbon monoxide (CO) gas is poisonous in high concentrations. However, it is 
15 now recognized as an important signaling molecule (Verma et al, Science 259:381- 
384, 1993). It has also been suggested that carbon monoxide acts as a neuronal 
messenger molecule in the brain (Id.) and as a neuro-endocrine modulator in the 
hypothalamus (Pozzoli et al, Endocrinology 735:2314-2317, 1994). Like nitric oxide 
(NO), carbon monoxide is a smooth muscle relaxant (Utz et al, Biochem Pharmacol. 
20 47:195-201, 1991; Christodoulides et al, Circulation 97:2306-9, 1995) and inhibits 

platelet aggregation (Mansouri et al, Thromb Haemost. 48:286-8, 1982). Inhalation of 
low levels of carbon monoxide has been shown to have anti-inflammatory effects in 
some models. 

Ileus is a condition characterized by a lack of bowel motility, and is one of the 
25 more common forms of intestinal obstruction (see, e.g., Oxford Textbook of Surgery, 
Morris and Malt, Eds., Oxford University Press (1994)). Often, ileus occurs throughout 
the intestinal tract (e.g., both large and small bowel), but it can sometimes involve only 
one or several segments thereof. Intestinal manipulation during abdominal surgery 
frequently leads to ileus. 
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Various pharmaceutical approaches to treating ileus have been proposed (see, 
e.g., U.S. Pat. Nos. 5,362,756 (fedotozine); 5,929,035 (neuropeptides); 6,214,843 
(pyrazolopyridine); and 5,958,407 (e.g., antagonizing proteinase-activated receptor-2)). 

Summary 

5 The present invention is based, in part, on the discovery that administration of 

CO can attenuate ileus. 

Accordingly, in one aspect, the invention features a method of treating ileus in a 
patient, which includes identifying a patient suffering from or at risk for ileus and 
administering to the patient a pharmaceutical composition comprising an effective 

1 o amount or concentration of carbon monoxide. 

The ileus can be ileus of any portion of the gastrointestinal tract, e.g., the 
stomach, small intestine and/or the colon. The ileus can result from any factor that 
causes ileus, e.g., surgery, e.g., abdominal surgery such as transplantation surgery (e.g., 
small intestinal transplantation (SITx)) or abdominal surgery other than transplantation 

1 5 surgery (e.g., abdominal surgery involving laparotomy or not involving laparotomy, 
e.g., laproscopic procedures); orthopedic surgeries (e.g., hip surgery); parturition; 
intestinal ischaemia; retroperitoneal haematoma; intraabdominal sepsis; intraperitoneal 
inflammation, e.g., acute appendicitis, choecystitis, pancreatitis; fractures of the spine; 
ureteric colic; thoracic lesions; basal pneumonia; rib fractures; myocardial infarction; 

20 metabolic disturbances; or any combination thereof. 

The pharmaceutical composition can be administered to the patient by any 
method known in the art for administering gases, liquids, and/or solids to patients, e.g., 
via inhalation, insufflation, infusion, injection, and/or ingestion. For example, in one 
embodiment of the present invention, the pharmaceutical composition is administered 

25 to the patient by inhalation. In another embodiment, the pharmaceutical composition is 
administered to the patient orally. In yet another embodiment, the pharmaceutical 
composition is administered directly to the abdominal cavity of the patient. 

The method can further include administering to the patient at least one of the 
following treatments in addition to CO: inducing HO-1 or ferritin in the patient; 

30 expressing recombinant HO-1 or ferritin in the patient; and administering a 
pharmaceutical composition comprising HO-1, bilirubin, biliverdin, ferritin, 
desferoxamine, iron dextran, or apoferritin to the patient. 
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In another aspect, the invention features a method of treating post-surgical ileus 
in a patient. The method includes identifying a patient suffering from post-surgical 
ileus and administering to the patient a pharmaceutical composition comprising an 
amount of carbon monoxide effective to treat ileus in the patient. The ileus can be ileus 
5 of any part of the gastrointestinal tract, e.g., the stomach, small intestine, and/or large 
intestine (e.g., the colon). The pharmaceutical composition can be administered to the 
patient via any route described herein, e.g., via inhalation (of gaseous compositions); 
orally; and/or by direct administration to the abdominal cavity of the patient. 

The invention also features a method of treating ileus in a patient suffering from 

10 or at risk for ileus not caused by abdominal surgery, e.g., ileus caused by any factor 
described herein other than abdominal surgery. The method includes identifying a 
patient suffering from or at risk for ileus not caused by abdominal surgery and 
administering to the patient a pharmaceutical composition comprising an amount of 
carbon monoxide effective to treat ileus in the patient. 

15 In another aspect, the invention features a method of treating ileus in a patient, 

which includes the steps of providing a vessel containing a pressurized gas comprising 
carbon monoxide gas, identifying a patient suffering from or at risk for ileus, releasing 
the pressurized gas from the vessel to form an atmosphere that includes carbon 
monoxide gas, and exposing the patient to the atmosphere, wherein the amount of 

20 carbon monoxide in the atmosphere is sufficient to treat ileus in the patient. 

In yet another aspect, the invention provides a method of performing surgery on 
a patient. The method includes identifying a patient in need of surgery, and before, 
during, and/or after the surgery, causing the patient to inhale an amount of carbon 
monoxide gas sufficient to treat ileus in the patient. 

25 The surgery can be any surgery that causes and/or puts the patient at risk for 

ileus. For example, the surgery can involve manipulation (e.g., touching (directly or 
indirectly)) of the gastrointestinal tract, e.g., the stomach and/or intestines, e.g., small or 
large intestine (e.g., the colon), and can be a surgery involving laparotomy or not 
involving laparotomy (e.g., surgeries involving laparoscopy). In certain embodiments, 

30 the surgery can be transplant surgery or non-transplant surgery, e.g., surgery involving 
any organ(s) or tissue(s) in the abdomen, e.g., surgery of the urogenital system (e.g., 
kidneys, ureter, and/or bladder; and reproductive organs (e.g., uterus, ovaries, and/or 
fallopian tubes)); the digestive system (e.g.,the stomach, small intestine, large intestine 
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(e.g., the colon), appendix, gallbladder, liver, spleen, and/or pancreas); the lymphatic 
system; the respiratory system (e.g., the lungs); the diaphram; surgery to treat cancer of 
any organ or tissue within the abdomen; endometrial surgery; and orthopedic surgeries, 
e.g., hip surgery. 

5 In another aspect, the invention provides a vessel comprising medical grade 

compressed CO gas. The vessel can bear a label indicating that the gas can be used to 
treat ileus, e.g., ileus resulting from surgery (e.g., surgery involving intestinal 
manipulation), in a patient (e.g., a human patient). The CO gas can be in an admixture 
with nitrogen gas, with nitric oxide and nitrogen gas, or with an oxygen-containing gas. 

10 The CO gas can be present in the admixture at a concentration of at least about 0.025%, 
e.g., at least about 0.05%, 0.10%, 0.50%, 1.0%, 2.0%, 10%, 50%, or 90%. 

In still another aspect, the invention provides a method of treating ileus in a 
patient, which includes identifying a patient suffering from or at risk for ileus and 
administering to the patient at least one of the following treatments in conjunction with 

15 treatment with CO: inducing HO-1 or ferritin in the patient; expressing recombinant 
HO-1 or ferritin in the patient; and administering a pharmaceutical composition 
comprising HO-1, bilirubin, biliverdin, ferritin, or apoferritin to the patient. Also 
contemplated is use of CO and any of the above-listed agents in the preparation of a 
medicament for treatment or prevention of ileus. 

20 Also within the invention is the use of CO in the manufacture of a medicament 

for treatment or prevention of a condition described herein, e.g., ileus. The medicament 
can also be used in a method for treating ileus in a patient and/or for treating donors, 
organs, and/or recipients in transplantation procedures. The medicament can be in any 
form described herein, e.g., a liquid or gaseous CO composition. 

25 Unless otherwise defined, all technical and scientific terms used herein have the 

same meaning as commonly understood by one of ordinary skill in the art to which this 
invention belongs. Suitable methods and materials are described below, although 
methods and materials similar or equivalent to those described herein can be used in the 
practice or testing of the present invention. All publications, patent applications, 

30 patents, and other references mentioned herein are incorporated by reference in their 
entirety. In case of conflict, the present specification, including definitions, will 
control. The materials, methods, and examples are illustrative only and not intended to 
be limiting. 

4 
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The details of one or more embodiments of the invention are set forth in the 
accompanying drawings and the description below. Other features, objects, and 
advantages of the invention will be apparent from the description and drawings, and 
from the claims. 



Fig. 1 is a line graph that illustrates the effect of small intestine transplantation 
(SITx) and treatment with CO on spontaneous and bethanechol-stimulated small 
intestinal circular muscle contractility. ▲ = control; 0 = control + CO; X = SITx; ■ = 
SITx + CO. 



control animals (animals not subjected to SITx). Solid bars = control; striped bars = 
control + CO (250 ppm); stom = stomach; sb = small bowel. 

Fig. 2B is a bar graph that illustrates the effect of CO on intestinal transit in 
animals that have undergone SITx. Solid bars = SITx; striped bars = SITx + CO (250 
15 ppm); stom = stomach; sb = small bowel; and col = colon. 

Fig. 2C is a bar graph illustrating that CO significantly improved intestinal 
transit in rats that have undergone SITx. The graph summarizes calculated transit 
geometric center 

measurements. Control = control animals exposed to air; control + CO = control 
20 animals exposed to CO; SITx = animals receiving SITx and exposed to air; SITx + CO 

= animals receiving SITx and exposed to CO. 

Fig. 3 is a bar graph that illustrates the effect of CO on leukocyte recruitment 

into the intestinal muscularis following SITx. Control = control animals exposed to air; 

control 4- CO = control animals exposed to CO; SbTx = animals receiving SITx and 
25 exposed to air; SbTx + CO = animals receiving SITx and exposed to CO. 

Fig. 4A is a line graph that illustrates IL-6 mRNA expression in the mucosa and 

muscularis at various time points after SITx, as measured by RNase protection assay. 

■ = muscle; o = mucosa. 



30 and muscularis at various time points after SITx, as measured by RNase protection 
assay. 

■ ~ muscle; o = mucosa. 
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Description of the Drawings 
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Fig. 2A is a bar graph that illustrates the effect of CO on intestinal transit in 



Fig. 4B is a line graph that illustrates IL-ip mRNA expression in the mucosa 
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Fig. 5 is a set of bar graphs that illustrate the effect of CO on nitric oxide 
synthase (iNOS), IL-6, DL-ip, and IL-10 expression in the muscularis externae of 
intestinal grafts four hours after reperfusion, as measured by real time RT-PCR 
analysis. Normal = control animals exposed to air; Normal + CO = control animals 
exposed to CO; SITx = animals receiving SITx and exposed to air; SITx + CO = 
animals receiving SITx and exposed to CO. 

Fig. 6 is a set of bar graphs that illustrate the effect of CO on serum IL-6 and 
nitrate/nitrite concentrations in animals that underwent SITx as measured one (SITx + 
CO (lhr)) and four (SITx + CO (4hr)) hours after reperfusion. Normal = control 
animals exposed to air; Normal + CO = control animals exposed to CO; SITx (lhr) and 
SITx (4 hr) = animals that underwent SITx as measured one and four hours after 
reperfusion, respectively. 

Fig. 7 A is a bar graph illustrating the effect of intestinal manipulation (IM) on 
HO-1 expression in muscularis extracts as determined using real-time two-step RT- 
PCR analysis. Samples were analyzed 3 (IM 3h), 6 (IM 6h) 5 12 (IM 12h), and 24 (IM 
24h) hours after laparotomy. Peak HO-1 expression occurred 3 to 6 hr postoperatively. 
Data represent mean fold increase relative to control ± SEM, n=6. * P = 0.001; ** P = 
0.0001. 

Fig. 7B is a picture of a muscularis whole mount illustrating HO-1 -like 
immunoreactivity in polymorpholeukocytes infiltrating the muscularis following IM. 

Fig. 7C is a picture of a muscularis whole mount illustrating HO-1 -like 
immunoreactivity in macrophage-like cells infiltrating the muscularis following IM. 

Fig. 7D is a picture of a muscularis whole mount illustrating HO-1 -like 
immunoreactivity in granule-containing cells infiltrating the muscularis following IM. 
Sites of indistinct 

immunofluorescence in lower half of image are cells beneath the plane of focus. 

Fig. 7E is a picture of a muscularis whole mount illustrating lack of HO-1 -like 
immunoreactivity in the muscularis of control animals. 

Fig. 8 A is a bar graph illustrating the effects of inhaled CO (24 h exposure) on 
intestinal transit in mice not subjected to IM. stom = stomach; sb = small bowel; and 
col = colon. Solid bars = animals not exposed to CO; striped bars = animals exposed 
to CO. The majority of fluorescent signal is localized in the cecum and proximal colon. 
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Fig. 8B is a bar graph illustrating the effects of inhaled CO (24 h exposure) on 
intestinal transit in mice subjected to IM. Stom = stomach; sb = small bowel; and col = 
colon. Solid bars = animals not exposed to CO; striped bars = animals exposed to CO. 
After IM, transit is significantly delayed. Inhalation of CO resulted in a more distal 
5 distribution of labeled dextran (IM-CO). 

Fig. 8C is a bar graph illustrating the result of Geometric Center (GC) 
calculations. 

Higher numbers correspond to a more distal distribution of labeled dextran. Control = 
control animals; Control + CO = control animals exposed to CO; IM = animals 

1 o subjected to IM; IM + CO = animals subjected to IM and exposed to CO. * In the IM 
group, GC was markedly impaired relative to controls, P < 0.0001 ; n=6. t Inhalation 
of CO (IM+CO) resulted in a significant increase in GC relative to IM, P = 0.001; n=6. 

Fig. 9A are representative traces illustrating the effect of CO on spontaneous 
contractile activity. Control: Rythmic contractions characteristic of unoperated mice. 

15 Control + CO: Inhalation of carbon monoxide (CO) for 24 hr by control mice had no 
effect on spontaneous contractility. IM: Rythmic contractility is lost following surgical 
manipulation of the small intestine. IM+CO: Rythmicity is restored in manipulated 
animals treated with CO. 

Fig. 9B is a line graph (dose-response curve) illustrating the effect of CO on the 

20 magnitude of tonic contractions in circular smooth muscle strips from animals not 

subjected to IM. The contractions were induced by exposure of the strips to increasing 
concentrations of bethanechol (0.1 to 300 pmol/L). Inhalation of CO by control 
animals had no effect on bethanechol-induced contractile activity. ■ = control; ▲ = 
Control + CO. 

25 Fig. 9C is a line graph (dose-response curve) illustrating the effect of CO on the 

magnitude of tonic contractions in circular smooth muscle strips from animals 
subjected to IM. The contractions were induced by exposure of the strips to increasing 
concentrations of bethanechol (0.1 to 300 pmol/L). The capacity of circular muscle to 
contract in response to bethanechol was significantly impaired after IM. Inhalation of 

30 CO restored contractile activity to control levels (IM+CO). ■ = IM; ▲ = IM + CO. 

Fig. 10 is a bar graph illustrating the effect of inhalation of CO on the number 
of myeloperoxidase (MPO) positive leukocytes infiltrating the intestinal muscularis of 
control mice and after intestinal manipulation (IM). Control = control animals; 

7 
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Control + CO = control animals exposed to CO; IM = animals subjected to IM; IM + 
CO = animals subjected to IM and exposed to CO. Data are expressed as mean ± 
SEM. *P<0.0001;n = 4. 

Fig. 11 A is a bar graph illustrating the results of a real-time two-step RT-PCR 
analysis of the effects of surgical anesthesia and IM on the time course of IL-6 mRNA 
expression. Samples were analyzed at 3 (IM 3h), 6 (IM 6h), 12 (IM 12h), and 24 (IM 
24h) hours. Expression peaked at 3 and 6 hours after surgery. Data are expressed as 
mean ±SEM. * P < 0.0001 relative to control. 

Fig. 1 IB is a bar graph illustrating the effect of CO inhalation on IL-6 mRNA 
expression at 3 (IM+CO 3hr) and 6 (IM+CO 6hr) hours after surgery. IM 3hr and IM 
6h = IM control animals at 3 hr and 6 hr, respectively. Data are expressed as mean ± 
SEM. 

Fig. 1 1C is a bar graph illustrating the effect of CO inhalation on IL-6 protein 
release from musculans extracts harvested 24 hr after surgery. IL-6 protein release was 
significantly attenuated by inhalation of CO. Control = control animals; Control + CO 
= control animals exposed to CO; IM = animals subjected to IM; IM + CO = animals 
subjected to IM and exposed to CO. Data are expressed as mean ± SEM. * P < 0.0001 
relative to control; and t P = 0.001 relative to IM; n=6. 

Fig. 12A is a bar graph illustrating the results of a real-time two-step RT-PCR 
analysis of the effects of surgical anesthesia and IM on the time course of IL-1(3 mRNA 
expression. mRNA expression after intestinal manipulation (IM). Samples were 
analyzed 3 (IM 3h), 6 (IM 6h), 12 (IM 12h), and 24 (IM 24h) hours. Peak expression 
occurred 6 hr postoperatively. Data are expressed as mean ± SEM. * P = 0.001 and ** 
P < 0.0001 relative to control, n=6. 

Fig. 12B is a bar graph illustrating the effect of CO inhalation on IL-ip mRNA 
expression at 3 (IM+CO 3hr) and 6 (IM+CO 6hr) hours after surgery. CO significantly 
inhibited peak IL-1|3 mRNA expression. IM 3hr and IM 6h = IM control animals at 3 
hr and 6 hr, respectively. Data are expressed as mean ± SEM. * P = 0.001 relative to 
IM6hr,n=6. 

Fig. 12C is a bar graph illustrating the effect of CO inhalation on IL-lp protein 
release from muscularis extracts harvested 24 hr after surgery. EL-ip protein release 
was significantly attenuated by inhalation of CO. Control = control animals; Control + 
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CO = control animals exposed to CO; IM = animals subjected to IM; IM + CO = 
animals subjected to IM and exposed to CO. Data are expressed as mean ± SEM. ND 
= none detected. * P = 0.001 relative to control; tf = 0.001 relative to IM; n-6. 

Fig. 13 A is bar graph illustrating the results of a real-time two-step RT-PCR 
5 analysis of the effects of surgical anesthesia and IM on the time course of iNOS mRNA 
expression. Samples were analyzed at 3 (IM 3h), 6 (IM 6h), 12 (IM 12h), and 24 (IM 
24h) hours. Peak expression occurred 6 hours after surgery. Data are expressed as 
mean ± SEM. * P = 0.001; ** P< 0.0001 relative to control; n=6. 

Fig. 13B is a bar graph illustrating the effect of CO inhalation on iNOS mRNA 
10 expression at 3 (IM+CO 3hr) and 6 (IM+CO 6hr) hours after surgery. IM 3hr and IM 
6h = IM control animals at 3 hr and 6 hr, respectively. Data are expressed as mean ± 
SEM. t P - 0.001 relative to IM 6 hr; n=6. 

Fig. 13C is a bar graph illustrating the effect of CO inhalation on total nitrite 
release from 

15 muscularis extracts harvested 24 hours after surgery. Total nitrite release was 

determined as an index of iNOS activity. Inhalation of CO significantly inhibited the 
surgically induced increase in nitrite release from manipulated muscularis. A similar 
reduction in nitrite was achieved by incubation of muscularis extracts in the presence of 
the selective iNOS inhibitor L-Nil (30 /iM; IM + L-Nil). Control = control animals; 

20 Control + CO = control animals exposed to CO; IM = animals subjected to IM; IM + 
CO = animals subjected to IM and exposed to CO. * P = 0.001 relative to control; t P 
= 0.001 relative to IM; n=6. Data are expressed as mean ± SEM. 

Fig. 14A is bar graph illustrating the results of a real-time two-step RT-PCR 
analysis of the effects of surgical anesthesia and IM on the time course of COX-2 

25 mRNA expression. Samples were analyzed at 3 (IM 3h), 6 (IM 6h), 12 (IM 12h), and 
24 (IM 24h) hours. Peak expression occurred 3-12 hr after surgery. Data are expressed 
as mean ± SEM. * P = 0.01; ** P = 0.0001 relative to control; n=6. 

Fig. 14B is a bar graph illustrating the effect of CO inhalation on COX-2 
mRNA expression at 3 (IM+CO 3hr) and 6 (IM+CO 6hr) hours after surgery. IM 3hr 

30 and IM 6h = IM control animals at 3 hr and 6 hr, respectively. Data are expressed as 
mean ± SEM. 

Fig. 14C is a bar graph illustrating that CO inhalation by control animals 
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significantly increased COX-2 mRNA expression 3 hr (CO 3 hr) post-treatment. CO 6 
hr = expression at 6 hr post-treatment. Data are expressed as mean ± SEM. * P = 0.01. 

Fig. 14D is a bar graph illustrating the effect of CO inhalation on PGE 2 protein 
release from muscularis extracts harvested 24 hours after surgery. PGE 2 protein release 
5 was determined as an index of COX-2 activity. Inhalation of CO significantly 

increased protein release from control muscularis but had no effect on the surgically 
induced increase in PGE 2 release from manipulated muscularis. Control = control 
animals; Control + CO = control animals exposed to CO; IM = animals subjected to 
EV1; EVI + CO = animals subjected to EVI and exposed to CO. Data are expressed as 
1 o mean ± SEM. * P = 0.01 and ** P = 0.0001 relative to control; n=6. 

Fig. 15A is a bar graph illustrating the results of a real-time two-step RT-PCR 
analysis of the effects of surgical anesthesia and IM on the time course of EL-10 mRNA 
expression. Samples were analyzed at 3 (IM 3h), 6 (IM 6h), 12 (IM 12h), and 24 (EV1 
24h) hours. Peak expression occurred 3 to 6 hr after surgery. Data are expressed as 
15 mean ± SEM. * P < 0.001 relative to control; n=6. 

Fig. 15B is a bar graph illustrating the effect of CO inhalation on IL-10 mRNA 
expression at 3 (IM+CO 3hr) and 6 (IM+CO 6hr) hours after surgery. Inhalation of CO 
increased IL- 10 message at 3 hr but not 6 hr after surgery. IM 3hr and IM 6h = EVI 
control animals at 3 hr and 6 hr, respectively. Data are expressed as mean ± SEM. t p 
20 = 0.001 relative to IM 3 hr; n=6. 

Fig. 15C is a bar graph illustrating that CO inhalation by control animals 
significantly increased IL-10 mRNA expression 3 (CO 3h) and 6 hr (CO 6h) after 
treatment. Data are expressed as mean ± SEM. * P < 0.001 relative to control; n=6. 

Fig. 16A is a bar graph illustrating the results of a real-time two-step RT-PCR 
25 analysis of the effects of surgical anesthesia and EVI on the time course of HO-1 mRNA 
expression 3 and 6 hr after surgery (EVI). Inhalation of CO significantly increased HO- 
1 mRNA expression at 3 hr (EvI+CO 3hr) but not 6 hr (EVI+CO 6hr) postoperatively. 
EVI 3hr and EVI 6h = EVI control animals at 3 hr and 6 hr, respectively, t P < 0.001 
relative to EVI 3 hr; n=6. 
30 Fig. 16B is a bar graph illustrating the effect of CO inhalation on expression of 

HO-1 mRNA 3 hr (CO 3h) and 6 hr (CO 6h) after treatment. CO inhalation by control 
animals increased HO-1 mRNA expression 6 hr after treatment. * P < 0.05 relative to 
control; n=6. 

10 
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Detailed Description 
The term "carbon monoxide" (or "CO") as used herein describes molecular 
carbon monoxide in its gaseous state, compressed into liquid form, or dissolved in 
aqueous solution. The term "carbon monoxide composition" or "pharmaceutical 
composition comprising carbon monoxide" is used throughout the specification to 
describe a gaseous or liquid composition containing carbon monoxide that can be 
administered to a patient and/or an organ, e.g., a small intestine. The skilled 
practitioner will recognize which form of the pharmaceutical composition, e.g., 
gaseous, liquid, or both gaseous and liquid forms, is preferred for a given application. 

The terms "effective amount" and "effective to treat," as used herein, refer to 
the administration of carbon monoxide in an amount or concentration and for period of 
time including acute or chronic administration and periodic or continuous 
administration that is effective within the context of its administration for causing an 
intended effect or physiological outcome. Effective amounts of CO for use in the 
present invention include, for example, amounts that prevent or reduce ileus following 
a procedure, e.g., small intestinal transplant. 

For gases, effective amounts of CO generally fall within the range of about 
0.0000001% to about 0.3% by weight, e.g., 0.0001% to about 0.25% by weight, 
preferably at least about 0.001%, e.g., at least about 0.005%, 0.010%, 0.02%, 0.025%, 
0.03%, 0.04%, 0.05%, 0.06%, 0.08%, 0.10%, 0.15%, 0.20%, 0.22%, or 0.24% by 
weight CO. For liquid solutions of CO, effective amounts generally fall within the 
range of about 0.0001 to about 0.0044 g CO/100 g liquid, e.g., at least about 0.0001, 
0.0002, 0.0004, 0.0006, 0.0008, 0.0010, 0.0013, 0.0014, 0.0015, 0.0016, 0.0018, 
0.0020, 0.0021, 0.0022, 0.0024, 0.0026, 0.0028, 0.0030, 0.0032, 0.0035, 0.0037, 
0.0040, or 0.0042 g CO/100 g aqueous solution. Preferred ranges include, e.g., about 
0.0010 to about 0.0030 g CO/100 g liquid, about 0.0015 to about 0.0026 g CO/100 g 
liquid, or about 0.0018 to about 0.0024 g CO/100 g liquid. A skilled practitioner will 
appreciate that amounts outside of these ranges may be used depending upon the 
application. 

The terms "patient" is used throughout the specification to describe an animal, 
human or non-human, to whom treatment according to the methods of the present 
invention is provided. Veterinary applications are clearly anticipated by the present 
invention. The term includes but is not limited to mammals, e.g., humans, other 
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primates, pigs 7 rodents such as mice and rats, rabbits, guinea pigs, hamsters, cows, 
horses, cats, dogs, sheep and goats. The term "treat(ment)," is used herein to describe 
delaying the onset of, inhibiting, preventing, or alleviating the effects of a condition, 
e.g., ileus. The term "donor" or "donor patient" as used herein refers to an patient 
(human or non-human) from whom an organ or tissue can be obtained for the purposes 
of transplantation to a recipient patient. The term "recipient" or "recipient patient" 
refers to a patient (human or non-human) into which an organ or tissue can be 
transferred. 

The term "ileus" as used herein generally refers to partial or complete paralysis 
or dysmotility of the gastrointestinal tract. Ileus can occur throughout the 
gastrointestinal tract, or can involve only one or several sections thereof, e.g., stomach, 
small intestine, or colon. The skilled practitioner will appreciate that ileus can be 
caused by a great number of factors that include, for example, surgery (e.g., any 
surgery involving laparotomy, e.g., small intestinal transplantation (SITx); or any 
surgery involving laparoscopy); intestinal ischaemia; retroperitoneal haematoma; 
intraabdominal sepsis; intraperitoneal inflammation; acute appendicitis; choecystitis; 
pancreatitis; ureteric colic; thoracic lesions; basal pneumonia; myocardial infarction; 
metabolic disturbances, e.g., those that result in decreased potassium levels; drugs, e.g., 
prolonged use of opiates; and traumas, e.g., fractures of the spine and rib fractures (see, 
e.g., Oxford Textbook of Surgery, Morris and Malt, Eds., Oxford University Press 
(1994)). The term also includes post-partum ileus, which is a common problem for 
women in the period following parturition, e.g., following vaginal delivery ("natural 
childbirth") or surgically-assisted parturition. As used herein, the term "post-surgical 
ileus" refers to ileus experienced by a patient following any surgical procedure, e.g., 
abdominal surgery. The term "non-surgical interventions" refers to medical treatments 
not involving surgery. The term "ileus resulting from conditions not involving 
surgery" refers to ileus caused by factors other than surgery, e.g., factors described 
herein. 

Individuals considered at risk for developing ileus may benefit particularly from 
the invention, primarily because prophylactic treatment can begin before there is any 
evidence of ileus. Individuals "at risk" include, e.g., patients in need of abdominal 
surgery, whether medically necessary or elective, and/or individuals suffering from any 
of the conditions or injuries described in the preceding paragraph. The skilled 

12 



r^rt^Vof is.Jo 140! 
WO 03/088923 



)6WO! 



PUT 




practitioner will appreciate that a patient can be determined to be at risk for ileus by any 
method known in the art, e.g., by a physician's diagnosis. 

The term "transplantation" is used throughout the specification as a general 
term to describe the process of transferring an organ or tissue (e.g., a small intestine) 
into a patient. The term "transplantation" is defined in the art as the transfer of living 
tissues or cells from a donor to a recipient, with the intention of maintaining the 
functional integrity of the transplanted tissue or cells in the recipient (see, e.g., The 
Merck Manual, Berkow, Fletcher, and Beers, Eds., Merck Research Laboratories, 
Rahway, N.J., 1992). The term includes all categories of transplants known in the art. 
Transplants are categorized by site and genetic relationship between donor and 
recipient. The term includes, e.g., autotransplantation (removal and transfer of cells or 
tissue from one location on a patient to the same or another location on the same 
patient), allotransplantation (transplantation between members of the same species), 
and xenotransplantation (transplantations between members of different species). 

Preparation of Gaseous Compositions 

A CO composition may be a gaseous carbon monoxide composition. 
Compressed or pressurized gas useful in the methods of the invention can be obtained 
from any commercial source, and in any type of vessel appropriate for storing 
compressed gas. For example, compressed or pressurized gases can be obtained from 
any source that supplies compressed gases, such as oxygen, for medical use. The term 
"medical grade" gas, as used herein, refers to gas suitable for administration to patients 
as defined herein. The pressurized gas including carbon monoxide used in the methods 
of the present invention can be provided such that all gases of the desired final 
composition (e.g., CO, He, NO, C0 2 , 0 2 , N 2 ) are in the same vessel, except that NO 
and 0 2 cannot be stored together. Optionally, the methods of the present invention can 
be performed using multiple vessels containing individual gases. For example, a single 
vessel can be provided that contains carbon monoxide, with or without other gases, the 
contents of which can be optionally mixed with room air or with the contents of other 
vessels, e.g., vessels containing oxygen, nitrogen, carbon dioxide, compressed air, or 
any other suitable gas or mixtures thereof. 

Gaseous compositions administered to a patient according to the present 
invention typically contain 0% to about 79% by weight nitrogen, about 21% to about 
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100% by weight oxygen and about 0.0000001% to about 0.3% by weight 
(corresponding to about 1 ppb or 0.001 ppm to about 3,000 ppm) carbon monoxide. 
Preferably, the amount of nitrogen in the gaseous composition is about 79% by weight, 
the amount of oxygen is about 21% by weight, and the amount of carbon monoxide is 

5 about 0.0001% to about 0.25% by weight. The amount of CO is preferably at least 
about 0.001%, e.g., at least about 0.005%, 0.010%, 0.02%, 0.025%, 0.03%, 0.04%, 
0.05%, 0.06%, 0.08%, 0.10%, 0.15%, 0.20%, 0.22%, or 0.24% by weight. Preferred 
ranges include about 0.005% to about 0.24%, about 0.01% to about 0.22%, about 
0.015% to about 0.20%, about 0.08% to about 0.20%, and about 0.025% to about 0.1% 

10 by weight. It is noted that gaseous carbon monoxide compositions having 

concentrations of carbon monoxide greater than 0.3% (such as 1% or greater) may be 
used for short periods (e.g., one or a few breaths), depending upon the application. 

A gaseous carbon monoxide composition may be used to create an atmosphere 
that comprises carbon monoxide gas. An atmosphere that includes appropriate levels 

15 of carbon monoxide gas can be created, for example, by providing a vessel containing a 
pressurized gas comprising carbon monoxide gas, and releasing the pressurized gas 
from the vessel into a chamber or space to form an atmosphere that includes the carbon 
monoxide gas inside the chamber or space. Alternatively, the gases can be released 
into an apparatus that culminates in a breathing mask or breathing tube, thereby 

20 creating an atmosphere comprising carbon monoxide gas in the breathing mask or 
breathing tube, ensuring the patient is the only person in the room exposed to 
significant levels of carbon monoxide. 

Carbon monoxide levels in an atmosphere can be measured or monitored using 
any method known in the art. Such methods include electrochemical detection, gas 

25 chromatography, radioisotope counting, infrared absorption, colorimetry, and 

electrochemical methods based on selective membranes (see, e.g., Sunderman et al, 
Clin. Chem. 28:2026-2032, 1982; Ingi et al, Neuron 16:835-842, 1996). Sub-parts per 
million carbon monoxide levels can be detected by, e.g., gas chromatography and 
radioisotope counting. Further, it is known in the art that carbon monoxide levels in the 

30 sub-ppm range can be measured in biological tissue by a midinfrared gas sensor (see, 
e.g., Morimoto et al, Am. J. Physiol. Heart. Circ. Physiol 280:H482-H488, 2001). 
Carbon monoxide sensors and gas detection devices are widely available from many 
commercial sources. 
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Preparation of Liquid Compositions 

A carbon monoxide composition may also be a liquid carbon monoxide 
composition. A liquid can be made into a carbon monoxide composition by any 
method known in the art for causing gases to become dissolved in liquids. For 
5 example, the liquid can be placed in a so-called "C0 2 incubator" and exposed to a 
continuous flow of carbon monoxide, preferably balanced with carbon dioxide, until a 
desired concentration of carbon monoxide is reached in the liquid. As another 
example, carbon monoxide gas can be "bubbled" directly into the liquid until the 
desired concentration of carbon monoxide in the liquid is reached. The amount of 
1 o carbon monoxide that can be dissolved in a given aqueous solution increases with 

decreasing temperature. As still another example, an appropriate liquid may be passed 
through tubing that allows gas diffusion, where the tubing runs through an atmosphere 
comprising carbon monoxide (e.g., utilizing a device such as an extracorporeal 
membrane oxygenator). The carbon monoxide diffuses into the liquid to create a liquid 
1 5 carbon monoxide composition. 

It is likely that such a liquid composition intended to be introduced into a living 
animal will be at or about 37°C at the time it is introduced into the animal. 

The liquid can be any liquid known to those of skill in the art to be suitable for 
administration to patients, or preserving and/or washing and/or perfusing organs of 
20 interest (see, for example, Oxford Textbook of Surgery, Morris and Malt, Eds., Oxford 
University Press (1994)). In general, the liquid will be an aqueous solution. Examples 
of appropriate solutions include Phosphate Buffered Saline (PBS), Celsior™, 
Perfadex™, Collins solution, citrate solution, and University of Wisconsin (UW) 
solution (Oxford Textbook of Surgery, Morris and Malt, Eds., Oxford University Press 
25 (1994)). In one embodiment of the present invention, the liquid is Ringer's Solution, 
e.g., lactated Ringer's Solution, or any other liquid that can be used infused into a 
patient. In another embodiment, the liquid includes blood, e.g., whole blood. 

Any suitable liquid can be saturated to a set concentration of carbon monoxide 
via gas diffusers. Alternatively, pre-made solutions that have been quality controlled to 
30 contain set levels of carbon monoxide can be used. Accurate control of dose can be 
achieved via measurements with a gas permeable, liquid impermeable membrane 
connected to a carbon monoxide analyzer. Solutions can be saturated to desired 
effective concentrations and maintained at these levels. 
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Treatment of Patients with Carbon Monoxid e Compositions 

A patient can be treated with a carbon monoxide composition by any method 
known in the art of administering gases and/or liquids to patient. Carbon monoxide 
compositions can be administered to a patient diagnosed with, or determined to be at 
risk for ileus, e.g., surgical patients, including patients who undergo SITx. The 
invention contemplates the systemic administration of liquid or gaseous carbon 
monoxide compositions to patients (e.g., by inhalation and/or ingestion), and the topical 
administration of the compositions to the patient's gastrointestinal tract (e.g., by 
ingestion, insufflation, and/or introduction into the abdominal cavity). 

Systemic Delivery of Carbon Monoxide 

Gaseous carbon monoxide compositions can be delivered systemically to a 
patient, e.g., a surgical patient or small bowel transplant donor and/or recipients. 
Gaseous carbon monoxide compositions are typically administered by inhalation 
through the mouth or nasal passages to the lungs, where the carbon monoxide may 
exert its effect directly or be readily absorbed into the patient's bloodstream. The 
concentration of active compound (CO) utilized in the therapeutic gaseous composition 
will depend on absorption, distribution, inactivation, and excretion (generally, through 
respiration) rates of the carbon monoxide as well as other factors known to those of 
skill in the art. It is to be further understood that for any particular subject, specific 
dosage regimens should be adjusted over time according to the individual need and the 
professional judgment of the person administering or supervising the administration of 
the compositions, and that the concentration ranges set forth herein are exemplary only 
and are not intended to limit the scope or practice of the claimed composition. Acute, 
sub-acute and chronic administration of carbon monoxide are contemplated by the 
present invention, depending upon, e.g., the severity or persistence of ileus in the 
patient. Carbon monoxide can be delivered to the patient for a time (including 
indefinitely) sufficient to treat the condition and exert the intended pharmacological or 
biological effect. 

The following are examples of some methods and devices that can be utilized to 
administer gaseous carbon monoxide compositions to patients. 
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Medical grade carbon monoxide (concentrations can vary) can be purchased 
mixed with air or another oxygen-containing gas in a standard tank of compressed gas 
(e.g., 21% 0 2 , 79% N 2 ). It is non-reactive, and the concentrations that are required for 

5 the methods of the present invention are well below the combustible range (10% in air). 
In a hospital setting, the gas presumably will be delivered to the bedside where it will 
be mixed with oxygen or house air in a blender to a desired concentration in ppm (parts 
per million). The patient will inhale the gas mixture through a ventilator, which will be 
set to a flow rate based on patient comfort and needs. This is determined by pulmonary 

10 graphics (i.e., respiratory rate, tidal volumes etc.). Fail-safe mechanism(s) to prevent 
the patient from unnecessarily receiving greater than desired amounts of carbon 
• monoxide can be designed into the delivery system. The patient's carbon monoxide 
level can be monitored by studying (1) carboxyhemoglobin (COHb), which can be 
measured in venous blood, and (2) exhaled carbon monoxide collected from a side port 

1 5 of the ventilator. Carbon monoxide exposure can be adjusted based upon the patient's 
health status and on the basis of the markers. If necessary, carbon monoxide can be 
washed out of the patient by switching to 100% 0 2 inhalation. Carbon monoxide is not 
metabolized; thus, whatever is inhaled will ultimately be exhaled except for a very 
small percentage that is converted to C0 2 . Carbon monoxide can also be mixed with 

20 any level of 0 2 to provide therapeutic delivery of carbon monoxide without 
consequential hypoxic conditions. 

Face Mask and Tent 

A carbon monoxide-containing gas mixture is prepared as above to allow 
25 passive inhalation by the patient using a facemask or tent. The concentration inhaled 
can be changed and can be washed out by simply switching over to 100% 0 2 . 
Monitoring of carbon monoxide levels would occur at or near the mask or tent with a 
fail-safe mechanism that would prevent too high of a concentration of carbon monoxide 
from being inhaled. 

30 

Portable inhaler 

Compressed carbon monoxide can be packaged into a portable inhaler device 
and inhaled in a metered dose, for example, to permit intermittent treatment of a 
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recipient who is not in a hospital setting. Different concentrations of carbon monoxide 
could be packaged in the containers. The device could be as simple as a small tank 
(e.g., under 5 kg) of appropriately diluted CO with an on-off valve and a tube from 
which the patient takes a whiff of CO according to a standard regimen or as needed. 

5 

Intravenous Artificial Lung 

An artificial lung (a catheter device for gas exchange in the blood) designed for 
0 2 delivery and C0 2 removal can be used for carbon monoxide delivery. The catheter, 
when implanted, resides in one of the large veins and would be able to deliver carbon 

10 monoxide at given concentrations either for systemic delivery or at a local site. The 
delivery can be a local delivery of a high concentration of carbon monoxide for a short 
period of time at the site of the procedure, e.g., in proximity to the small intestine (this 
high concentration would rapidly be diluted out in the bloodstream), or a relatively 
longer exposure to a lower concentration of carbon monoxide (see, e.g., Hattler et ah, 

15 Artif. Organs 18(11):806-812 (1994); and Golob et al, ASAIO J., 47(5):432~437 
(2001)). 

Normobaric chamber 

In certain instances, it would be desirable to expose the whole patient to carbon 
20 monoxide. The patient would be inside an airtight chamber that would be flooded with 
carbon monoxide (at a level that does not endanger the patient, or at a level that poses 
an acceptable risk without the risk of bystanders being exposed. Upon completion of 
the exposure, the chamber could be flushed with air (e.g., 21% 0 2 , 79% N 2 ) and 
samples could be analyzed by carbon monoxide analyzers to ensure no carbon 
25 monoxide remains before allowing the patient to exit the exposure system. 



Systemic Delivery of Liquid CO Compositions 

The present invention further contemplates that liquid CO compositions can be 
created for systemic delivery to a patient, e.g., by infusion into a patient. For example, 
30 liquid CO compositions, such as CO-saturated Ringer' s Solution, can be infused into a 
patient before, during, and/or after a surgical procedure. Alternatively or in addition, 
CO-partially or completely saturated whole (or partial) blood can be infused into the 
patient. The present invention also contemplates that agents capable of delivering 
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doses of CO gas or liquid can be utilized (e.g., CO releasing gums, creams, ointments 
or patches). 

Topical Treatment of the Gastrointestinal Tract with Carbon Monoxide 
Alternatively or in addition, carbon monoxide compositions can be applied 
directly to the gastrointestinal tract, e.g., to the interior and/or exterior of the entire 
gastrointestinal tract, or to any portion thereof. A gaseous composition can be directly 
applied to the gastrointestinal tract of a patient, e.g., a surgical patient or small bowel 
transplantation donor or recipient, by any method known in the art for insufflating 
gases into a patient. For example, gases, e.g., carbon dioxide, are often insufflated into 
the gastrointestinal tract and the abdominal cavity of patients to facilitate examination 
during endoscopic and laproscopic procedures, respectively (see, e.g., Oxford Textbook 
of Surgery, Morris and Malt, Eds., Oxford University Press (1994)). The skilled 
practitioner will appreciate that similar procedures could be used to administer carbon 
monoxide compositions directly to the gastrointestinal tract of a patient. It is 
contemplated that the present invention can be applied to help prevent ileus resulting 
from laproscopy and endoscopy, e.g., colonoscopy and oesophagogastroduodenoscopy. 

Aqueous carbon monoxide compositions can also be administered topically to 
the gastrointestinal tract of a patient. Aqueous forms of the compositions can be 
administered by any method known in the art for administering liquids to patients. As 
with gaseous compositions, aqueous compositions can be applied directly to the interior 
and/or exterior of the gastrointestinal tract. For example, the aqueous form can be 
administered orally, e.g., by causing the patient to ingest an encapsulated or 
unencapsulated dose of the aqueous carbon monoxide composition. As another 
example/liquids, e.g., saline solutions containing dissolved CO, can be injected into the 
gastrointestinal tract and the abdominal cavity of patients during endoscopic and 
laproscopic procedures, respectively. In the context of SITx, in situ exposures can be 
performed by any method known in the art, e.g., by in situ flushing of the organ with a 
liquid carbon monoxide composition prior to removal from the donor (see Oxford 
Textbook of Surgery, Morris and Malt, Eds., Oxford University Press (1994)). 
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Small Intestinal Transplantation Organ Preser vation ex vivo 

Carbon monoxide compositions can be used to treat patients who undergo 
transplantation of any portion of the gastrointestinal tract, e.g., small intestinal 
transplantation (SITx). In the context of transplantation procedures, carbon monoxide 
compositions can be used to treat donors, recipients and/or the organ itself at any step 
of the organ harvesting, storage, and transplant process. A gastrointestinal organ may 
be harvested from a donor, treated with a carbon monoxide composition ex vivo in 
accordance with the present invention, and transplanted into a recipient. Alternatively 
or in addition, the organ can be treated in situ, while still in the donor. Optionally, a 
carbon monoxide composition can be administered to the recipient prior to, during, 
and/or after the surgery: e.g., after the organ is reperfused with the recipient's blood. 
The carbon monoxide composition may be administered to the donor prior to or during 
the process of harvesting the organ from the donor. 

Ex vivo exposure of the small intestine (or portion thereof) to carbon monoxide 
can occur by exposing the small intestine to an atmosphere comprising carbon 
monoxide gas, to a liquid carbon monoxide composition, e.g., a liquid perfusate, 
storage solution, or wash solution having carbon monoxide dissolved therein, or to 
both. 

Exposure of the small intestine to gaseous carbon monoxide compositions can 
be performed in any chamber or area suitable for creating an atmosphere that includes 
appropriate levels of carbon monoxide gas. Such chambers include, for example, 
incubators and chambers built for the purpose of accommodating an organ in a 
preservation solution. An appropriate chamber may be a chamber wherein only the 
gases fed into the chamber are present in the internal atmosphere, such that the 
concentration of carbon monoxide can be established and maintained at a given 
concentration and purity, e.g., where the chamber is airtight. For example, a C0 2 
incubator may be used to expose an organ to a carbon monoxide composition, wherein 
carbon monoxide gas is supplied in a continuous flow from a vessel that contains the 
gas. 

Exposure of an organ to a liquid carbon monoxide composition can be 
performed ex vivo by any method known in the art. For example, the exposure may be 
performed ex vivo in any chamber or space having sufficient volume for submerging 
the organ, completely or partially, in the carbon monoxide composition. As another 
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example, the organ may be exposed to a carbon monoxide composition by placing the 
organ in any suitable container and causing the carbon monoxide composition to "wash 
over" the organ, such that the organ is exposed to a continuous flow of the carbon 
monoxide composition. 

As another example, the organ may be perfused with a carbon monoxide 
composition. The term "perfusion" is an art recognized term, and relates to the passage 
of a liquid, e.g., a carbon monoxide composition, through the blood vessels of the 
organ. With regard to the gastrointestinal tract, the term includes flushing the intestinal 
lumen with a carbon monoxide composition. Methods for perfusing organs ex vivo and 
in situ are well known in the art. An organ can be perfused with a carbon monoxide 
composition ex vivo, for example, by continuous hypothermic machine perfusion (see 
Oxford Textbook of Surgery, Morris and Malt, Eds., Oxford University Press (1994)). 
Optionally, in in situ or ex vivo perfusions, the organ can be perfused with a wash 
solution, e.g., UW solution without carbon monoxide, prior to perfusion with the 
carbon monoxide composition, to remove the donor's blood from the organ. Such a 
process could be performed to avoid competition for carbon monoxide by the donor's 
hemoglobin. As another option, the wash solution can be a carbon monoxide 
composition. 

As yet another example, the organ may be placed, e.g., submerged, in a medium 
or solution that does not include carbon monoxide, and placed in a chamber such that 
the medium or solution can be made into a carbon monoxide composition via exposure 
to a carbon monoxide-containing atmosphere as described herein. As still another 
example, the organ may be submerged in a liquid that does not include carbon 
monoxide, and carbon monoxide may is then "bubbled" into the liquid. 

A small intestine can be harvested from a donor and transplanted by any 
methods known to those of skill in the art (see, for example, Oxford Textbook of 
Surgery, Moms and Malt, Eds., Oxford University Press (1994)). The skilled 
practitioner will recognize that methods for transplanting and/or harvesting organs for 
transplantation may vary depending upon many circumstances, such as the age of the 
donor/recipient. 

The present invention contemplates that any or all of the above methods for 
exposing an organ to a liquid carbon monoxide composition, e.g., washing, 
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submerging, or perfusing, can be used in a given procedure, e.g., used in a single SITx 
procedure. 

Use of Hemoxygenase-1 and Other Compounds 

5 Also contemplated by the present invention is the induction or expression of 

hemeoxygenase-1 (HO-1) in conjunction with administration of carbon monoxide. In 
the context of SITx, HO-1 may optionally be induced in the organ, the organ donor, the 
recipient, or all three, in conjunction with the administration of carbon monoxide. For 
example, HO-1 can be induced in the donor, e.g., prior to or during removal of the 

10 organ, in the organ ex vivo, and/or in the recipient prior to, during, or following 

transplantation. In the context of other (i.e., non-transplant-related) interventions likely 
to result in ileus, HO-1 would be induced in the bowel shortly before, during, or shortly 
after the intervention. As used herein, the term "induce(d)" means to cause increased 
production of a protein, e.g., HO-1, in isolated cells or the cells of a tissue, organ or 

15 animal using the cells' own endogenous (e.g., non-recombinant) gene that encodes the 
protein. 

HO-1 can be induced in a patient by any method known in the art. For example, 
production of HO-1 can be induced by hemin, by iron protoporphyrin, or by cobalt 
protoporphyrin. A variety of non-heme agents including heavy metals, cytokines, 

20 hormones, nitric oxide, COCl 2 , endotoxin and heat shock are also strong inducers of 
HO-1 expression (Otterbein et a/., Am. J. Physiol. Lung Cell Mol. Physiol. 279:L1029- 
L1037, 2000; Choi et at, Am. J. Respir. Cell Mol. Biol. 15:9-19, 1996; Maines, Annu. 
Rev. Pharmacol. Toxicol. 37:517-554, 1997; and Tenhunen et al„ J. Lab. Clin. Med. 
75:410-421, 1970). HO-1 is also highly induced by a variety of agents and conditions 

25 that create oxidative stress, including hydrogen peroxide, glutathione depletors, UV 
irradiation and hyperoxia (Choi et at, Am. J. Respir. Cell Mol. Biol. 15: 9-19, 1996; 
Maines, Annu. Rev. Pharmacol. Toxicol. 37:517-554, 1997; and Keyse et ah, Proc. 
Natl. Acad. Sci. USA 86:99-103, 1989). A "pharmaceutical composition comprising 
an inducer of HO-1" means a pharmaceutical composition containing any agent capable 

30 of inducing HO-1 in a patient, e.g., any of the agents described above, e.g., hemin, iron 
protoporphyrin, and/or cobalt protoporphyrin. 

HO-1 expression in a cell can be increased via gene transfer. As used herein, 
the term "express(ed)" means to cause increased production of a protein, e.g., HO-1 or 
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ferritin, in isolated cells or the cells of a tissue, organ or animal using an exogenously 
administered gene (e.g., a recombinant gene). The HO-1 or ferritin is preferably of the 
same species (e.g., human, mouse, rat, etc.) as the recipient, in order to minimize any 
immune reaction. Expression could be driven by a constitutive promoter (e.g., 
5 cytomegalovirus promoters) or a tissue-specific promoter (e.g., milk whey promoter for 
mammary cells or albumin promoter for liver cells). An appropriate gene therapy 
vector (e.g., retrovirus, adenovirus, adeno associated virus (AAV), pox (e.g., vaccinia) 
virus, human immunodeficiency virus (HIV), the minute virus of mice, hepatitis B 
virus, influenza virus, Herpes Simplex Virus- 1, and lenti virus) encoding HO-1 or 
1 o ferritin would be administered to the patient orally, by inhalation, or by injection into 
the intestinal wall, intestinal lumen, or abdominal cavity at any time before, during, 
and/or after the ileus-inducing procedure, e.g., about 24 hours or immediately before 
the ileus-inducing procedure. Similarly, plasmid vectors encoding HO-1 or apo-ferritin 
can be administered, e.g., as naked DNA, in liposomes, or in microparticles. 
15 Further, exogenous HO-1 protein can be directly administered to a patient by 

any method known in the art. Exogenous HO-1 can be directly administered in 
addition to, or as an alternative, to the induction or expression of HO-1 in the patient as 
described above. The HO-1 protein can be delivered to a patient, for example, in 
liposomes, and/or as a fusion protein, e.g., as a TAT-fusion protein (see, e.g., Becker- 
20 Hapak et al , Methods 24:247-256, 2001). 

Alternatively or in addition, any of the products of metabolism by HO-1, e.g., 
bilirubin, biliverdin, iron, and/or ferritin, can be administered to a patient in conjunction 
with carbon monoxide in order to prevent or treat ileus. Further, the present invention 
contemplates that iron-binding molecules other than ferritin, e.g., desferoxamine 
25 (DFO), iron dextran, and/or apoferritin, can be administered to the patient. Further still, 
the present invention contemplates that enzymes (e.g., biliverdin reductase) that 
catalyze the breakdown any of these products can be inhibited to create/enhance the 
desired effect. Any of the above can be administered, e.g., orally, intravenously, 
intraperitoneal^, or by direct administration to the inside or outside of the bowel. 
30 The present invention contemplates that compounds that release CO into the 

body after administration of the compound (e.g., CO-releasing compounds, e.g., 
photoactivatable CO-releasing compounds), e.g., dimanganese decacarbonyl, 
tricarbonyldichlororuthenium (II) dimer, and methylene chloride (e.g., at a dose of 
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between 400 to 600 mg/kg, e.g., about 500mg/kg), can also be used in the methods of 
the present invention, as can carboxyhemoglobin and COdonating hemoglobin 
substitutes. 

Administration any of the above can be administered to a patient in any way, 
e.g., by oral, intravenous, or intraarterial administration. Any of the above compounds 
can be administered to the patient locally and/or systemically, and in any combination. 

The present invention further contemplates treating ileus by administering CO 
to the patient in combination with functional stimulation of the patient's intestinal tract, 
e.g., by administering stool softeners, laxatives, and/or lubricants to the patient; and/or 
by intravenous hydration and/or nasogastric decompression. CO can be administered in 
combination with any other known methods or compounds for treating ileus. 

The invention is illustrated in part by the following examples, which are not to 
be taken as limiting the invention in any way. 

Example 1 . Protective Effect of Carbon Monoxide for Tran splant-Induced Ileus 
Animals 

Inbred male LEW (RT1) rats weighing 200-300 grams were purchased from 
Harlan Sprague Dawley, Inc. (Indianapolis, IN), and maintained in a laminar flow 
animal facility at the University of Pittsburgh. Animals were fed with a standard diet 
ad libitum. 

Small Intestinal Transplantation 

To determine whether CO is protective against ileus associated with small 
bowel transplantation, orthotopic SlTx was performed in syngenic Lewis rats. SITx 
with caval drainage was performed using a previously described procedure. The entire 
donor small intestine from the ligament of Treitz to the ileocecal valve was isolated on 
a vascular pedicle consisting of the portal vein and of the superior mesenteric artery in 
community with a segment of aorta. The graft was perfused via the aortic segment with 
5 ml chilled Ringer's lactate solution, and the intestinal lumen was irrigated with 20 ml 
of cold saline solution containing 0.5% neomycin-sulfate (Sigma, St. Louis, MO). 
End-to-side anastomoses between the graft aorta and the recipient infrarenal aorta, and 
between the graft portal vein and recipient vena cava, were performed with 10-0 
Novafil™ suture. The cold ischemic time was 1 hour. The entire recipient intestine 
was removed and the enteric continuity was restored by proximal and distal end-to-end 
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intestinal anastomoses. Recipient animals were given 20 mg/day prophylactic 
cefamandole nafate for 3 postoperative days. Transplanted recipients were given water 
3 hours after surgery, and were fed 24 hours after surgery. 

5 Experimental Groups 

Four groups of animals were examined in this study, two of which received a 
SITx. Group 1 consisted of unoperated normal rats. Group 2 animals were exposed to 
CO with no surgery. In Group 3, syngeneic SITx were performed and the recipients 
kept in room air. Group 4 consisted of SITx recipients that were placed in the CO 
10 chamber for 1 hour before surgery and then re-exposed to CO immediately following 
surgery until sacrificed. In both Groups 3 and 4, normal LEW rats served as donors. 

CO exposure 

The animals were exposed to CO at a concentration of 250 ppm. Briefly, 1% 
15 CO in air was mixed with air (21% oxygen) in a stainless steel mixing cylinder and 
then directed into a 3.70 ft 3 glass exposure chamber at a flow rate of 12 L/min. A CO 
analyzer (InterScan, Chatsworth, CA) was used to measure CO levels continuously in 
the chamber. CO concentrations were maintained at 250 ppm at all times. The animals 
were supplied food and water during the exposures. 

20 

Functional Studies 

The effect of CO treatment on intestinal dysmotility in transplanted grafts was 
assessed both in vitro and in vivo. Tissues were harvested 24 or 48 hours post- 
operatively, which have been shown to be time points during which transplant-induced 

25 dysmotility peaks. In vitro circular muscle mechanical activity was measured as 
previously described (Eskandari et al., Am. J. Physiol. 273(3 Pt l):G727-34 (1997)). 
Rats were anesthetized and killed by exsanguination 24 hours postoperatively. A 
segment of mid-jejunum was pinned in a Sylgaard™ lined dissecting dish containing 
pre-oxygenated Krebs-Ringer-bicarbonate buffer (KRB; in raM: 137.4 Na + , 5.9 K + , 2.5 

30 Ca 2+ , 1.2 Mg 2+ , 134 CI", 15.5 HC0 3 ", 1.2 H 2 P0 4 " , and 1 1.5 glucose) that was 

equilibrated with 97% 0 2 /3% CO2. The intestine was opened along the mesenteric 
border and the mucosa removed by stripping with fine forceps. Full-thickness strips of 
muscularis (1x6 mm) were cut parallel to the circular muscle layer. Muscle strips 
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were mounted in standard horizontal mechanical organ chambers that were 
continuously superfused with pre-oxygenated KRB maintained at 37°C. One end of 
each strip was attached by ligature to a fixed post and the other to an isometric force 
transducer (WPI, Sarasota, FL). Strips were allowed to equilibrate for 1 hour, after 
5 which they were incrementally stretched to the length at which maximal spontaneous 
contraction occurred (L 0 ). After a second equilibration period of 30 minutes, 
contractility-response curves were generated by exposing the tissues to increasing 
concentrations of the muscarinic agonist bethanechol (0.3 to 300 \xM) for 10 minutes, 
followed by a 10-minute wash period. Contractile activity was calculated by 

1 o integrating the area under the trace, normalized by converting the weight and length of 
the strip to square millimeters of tissue (1.03 mg/mm 2 ), and reported as g/s/mm 2 . 

Intestinal transit was measured in controls and manipulated animals 48 hours 
postoperatively by evaluating the intestinal distribution of fluorescein-labeled dextran 
(Molecular Probes), Animals were lightly sedated with inhaled isofluran and fed orally 

15 with labeled dextran (200 \x\ of 6 mg/ml in saline). Two hours after administration, the 
animal was sacrificed and the entire bowel from stomach to distal colon was collected. 
The contents of the stomach, small bowel (divided into 10 segments of equal length), 
cecum, and colon (3 segments; proximal, mid and distal) were opened, placed in 2 ml 
of saline, and vortexed vigorously to release the dextran present in each segment. After 

20 pelleting the intestinal tissue and chyme, aliquots of the supernatant were read in 

duplicate on a plate reader (CytoFluor II; excitation wavelength 530 nm and emission 
590 nm) for quantification of the fluorescent signal in each bowel segment. A median 
histogram of the fluorescence signal was then plotted to demonstrate changes in the 
distribution of labeled dextran among experimental groups. Intestinal transit was 

25 determined for statistical analysis by calculating the geometric center (GC). 

Morphological Studies 

Histopathological study 

Small intestinal grafts were fixed in 10% buffered formalin and embedded in 
paraffin. Sections were cut at a thickness of 4 jam and stained with hematoxylin and 
30 eosin. 
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Myeloperoxidase Histochemistry 

Muscularis whole mounts were prepared from the mid small intestine collected 
24 hours post-operatively. Segments of intestine were immersed in KRB in a 
Sylgaard™-lined glass dish and pinned without stretching along the mesenteric border. 

5 The length and width of the segments were measured with a caliper. The colon was 
then opened along the mesenteric border and stretched to 150% of the length and 250% 
of the width. The mucosa and submucosa were removed using fine forceps, and the 
remaining tissue fixed in 100% denatured ethanol for 30 minutes. After washing 
several times with PBS, the tissue was treated with Hanker-Yates reagent for detection 

1 o of polymorphonuclear neutrophils (PMN's) exhibiting myeloperoxidase (MPO) activity 
(Sheibani et al, Am. J. Clin. Pathol. 75(3):367-70 (1981)). Tissues were mounted on 
glass slides using Gel/Mount™ (Biomedia Corp., Foster City, CA), cover-slipped and 
inspected by light microscopy (Nikon FXA, Fryer, Huntley, EL) at a magnification of 
200x. Numbers of MPO-positive PMN's infiltrating the muscularis externae were 

15 determined from the mean counts collected from five to six adjacent optical fields 
centered between the mesenteric and anti-mesenteric borders. 

Molecular biological studies 

RNase Protection Assay (RPA) 

To investigate the sequential analysis of cytokine mRNA expression in the 
20 mucosa and muscularis, RNase protection assay was performed with the Riboquant™ 
kit (Pharmingen) according to the protocol of the manufacturer. Radiolabeled antisense 
RNA multiple probes were synthesized using an in vitro transcription kit and rat 
cytokine multi-probe template set (rCK-1), which included probes for cytokines 
(Interleukin (IL)-la, IL-ip, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, TNF-a, TNF-P and 
25 IFN-y) and housekeeping genes (L32 and GAPDH). 32 P-labeled probes (8.0 X 10 5 
cpm) and sample RNA (5 jag) were hybridized at 56°C for 12-16 hours, and single- 
stranded RNAs including antisense RNA probes were digested by using RPA Kit 
(Pharmingen). Protected probes were loaded on a 40% poly acryl amide gel. 
Autoradiography was performed using a Phosphorlmager™ system (Molecular 
30 Dynamics, Krefeld, Germany). Quantification of radioactivity of mRNA bands was 
performed with NIH Image, normalized to GAPDH, and expressed as a ratio of 
cytokine /GAPDH (n=3-4). 
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SYBR green real time RT-PCR 

The effects of inhalation of CO on transplant-induced pro-inflammatory and 
anti-inflammatory gene expression was assessed in muscularis extracts by RT-PCR. 
Muscularis externae was collected from normal intestine and transplanted grafts 4 

5 hours postoperatively and snap frozen in liquid nitrogen. This time point falls within 
the range of maximum inflammatory mediator expression that occurs between 3 and 6 
hours following abdominal incision. Total RNA extraction was performed using the 
guanidium-thiocyanate phenol-chloroform extraction method as described previously 
(Eskandari et al, Am. J. Clin. Pathol. 75(3):367-370 (1997)). RNA pellets were 

10 resuspended in RNA-secure resuspension solution (Ambion Inc., Austin, TX), followed 
by removal of potentially contaminating DNA by treatment with DNase I (DNA-Free 
Kit, Ambion Inc., Austin, TX). Equal aliquots (5 |ig) of total RNA from each sample 
were quantified by spectrophotometry (wavelength 250 nm) and aliquoted at a 
concentration of 40 ng/|al. Peak mRNA expression was quantified in duplicate by 

15 SYBR Green two-step, real-time RT-PCR. GAPDH was used as the endogenous 

reference. Aliquoted RNA was subjected to first-strand complementary DNA (cDNA) 
synthesis using random hexamers (PE applied Biosystems, Foster City, CA) and Super 
Script n™ (Life Technologies, Rockville, MD). Primer sequences were obtained from 
the literature or designed according to published sequences 

20 (Table 1). A PGR reaction mixture was prepared using SYBR Green PCR Core 

Reagents (PE Applied Biosystems). Each sample was estimated in duplicate using the 
conditions recommended by the manufacturer. The reaction was incubated at 50°C for 
2 min to activate the uracil N'-glycosylase and then for 12 min at 95°C to activate the 
Amplitaq Gold™ polymerase followed by 40 cycles of 95°C for 15 sec and 60°C for 1 

25 min on an ABI PRISM 7700™ Sequence Detection System (PE Applied Biosystems, 
Foster City, CA). Real-time PCR data were plotted as the AR n fluorescence signal 
versus the cycle number. An arbitrary threshold was set to the mid-linear portion of the 
log AR n cycle plot. The threshold cycle (C T ) was defined as the cycle number at which 
the AR n crosses this threshold. Quantification of mRNA expression was normalized to 

30 GAPDH and calculated relative to control using the comparative C T method 
(Schmittgen et aU J. Biochem. Biophys. Methods 46(l-2):69-8 (2000)). 
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To exclude PCR amplification of contaminating genomic DNA, RT-negative 
controls (samples containing RNA that was not reverse transcribed) were included in 
each PCR reaction. Melting curve analyses were performed for each reaction to ensure 
amplification of specific product. In addition, the primers were subjected to gel 
electrophoresis to confirm the absence of non-specific bands and to confirm that the 
amplicons were of the correct size. Efficiency of PCR-amplification of target cDNA 
was examined to measure colinearity of dilution. Serial 3-fold dilutions of cDNA were 
performed in triplicate. Standard curves were generated by plotting C T value against 
relative input copy number. Slopes of the standard curves of -3.2 ± 0.3 with 
correlation coefficients of 0.99 were considered to be acceptable, having corresponding 
efficiencies of 100 ± 10%. 



Table 1. Primer summary 



Primer 


Sequence 
5' to 3' 


SEQID 
NO 


Source 


GAPDH 


ATGGCACAGTCAAGGCTGAGA 
CGCTCCTGGAAGATGGTGAT 


1 

2 


NM_017008 


IL-6 


GCCCTTCAGGAACAGCTATGA 
TGTCAACAACATCAGTCCCAAGA 


3 
4 


M26744 


IL-1P 


CACCTCTAAGCAGAGCACAG 
GGGTTCCATGGTGAAGTCAAC 


5 
6 


Li& Wang, Brain 
Research Protocols 
2000; 5, 211-217 


TNFoc 


GGTGATCGGTCCCAACAAGGA 
CACGCTGGCTCAGCCACTC 


7 
8 


Fink et al. Nature 
Med 1998; 4: 
1329-1333. 


ICAM-1 


CGTGGCGTCCATTTACACCT 
TTAGGGCCTCCTCCTGAGC 


9 
10 


NM 012967 


iNOS 


CCATGCATAATTTGGACTTGCA 


11 

12 


NM012611 


COX-2 


CTCTGCGATGCTCTTCCGAG 
AAGGATTTGCTGCATGGCTG 


13 
14 


AF233596 


IL-10 


TGCAACAGCTCAGCGCA 
GTCACAGCTTTCGAGAGACTGGAA 


15 
16 


Harness et al., J. 
Neurol. Sci. 2001; 
187,7-16. 



Northern Blotting ofHO-1 

Northern blotting was performed as described previously (Camhi et al, Am. J . 
Respir. Cell Mol. Biol. 13:387-398 (1995)). Briefly, 10 jxg of total RNA extracted 
from the tissue as described above was electrophoresed in a 1% agarose gel and then 
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transferred to nylon membranes by capillary action. The nylon membranes were then 
prehybridized in hybridization buffer [1% bovine serum albumin (BSA), 7% SDS, 0.5 

M P0 4 buffer, pH 7.0, and 1 mM EDTA] at 65° C for 2 h followed by hybridization 
with 32 P -labeled rat HO-1 cDNA, 32 P4abeled rat L-ferritin, or 32 P-labeled rat H-ferritin 

5 oligonucleotide probes at 65° C for 24 h. Nylon membranes were then washed in buffer 
A (0.5% BSA, 5% SDS, 40 mM P0 4 buffer, pH 7.0, and 1 mM EDTA) for 15 min two 
times at 65°C followed by washes in buffer B (1% SDS, 40 mM P0 4 buffer, pH 7.0, 
and 1 mM EDTA) for 15 min three times at 65°C. 

10 HO-1 cDNA Probe 

A full-length rat cDNA (pHOl) was generously provided by Dr. S. Shibahara of 
Tohoku University (Sendai, Japan). pHOl was subcloned into pBluescript vector, and 
a Hindin/EcoRI digestion was performed to isolate the 0.9-kb HO-1 cDNA insert out 
of the pBluescript vector. To control for variation in either the amount of RNA in 

15 different samples or loading errors, blots were hybridized with an oligonucleotide probe 
corresponding to the 18S rRNA. A 24 base pair oligonucleotide (5'- 
ACGGTATCTGATCGTCTTCGA ACC-3 ' ; SEQ ID NO: 17) complementary to the 18S 
RNA was synthesized using a DNA synthesizer (Applied Biosystems, Foster City, CA). 
The HO-1 cDNA was labeled with [ 32 P] CTP using the random primer kit from 

20 Boehringer Mannheim (Mannheim, Germany). All oligonucleotide probes were 
labeled with [ 32 P] ATP at the 3' end with terminal deoxynucleotidyltransf erase 
(Bethesda Research Laboratories, Gaithersburg, MD). Autoradiograph signals were 
compared to 18S rRNA obtained from the same blot. 

25 Determination of serum cytokine levels 

Serum samples were taken sequentially at 1, 4 and 24 hours after reperfusion 
and stored at -80°C until evaluation. Serum cytokine concentrations, including IL-6, 
IL-10 and TNFa, were determined using rat enzyme-linked immunoassay (ELISA) kits 
as described by the manufacturer (R & D, Cambridge, MA). 

30 Measurement of serum nitrite/nitrate levels 

To monitor the stable end-products of NO metabolism, serum nitrate/nitrate 
levels at 1, 4, and 24 hrs were measured using a commercially available test kit 
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(Cayman, Ann Arbor, MI) and quantified according to the manufacturer's directions. 
In this assay system, nitrate is reduced to nitrite using nitrate reductase, and the nitrite 
concentration of the sample is subsequently measured using the Griess reaction. 

5 Muscle cell culture 

The small bowel of control and transplanted rats was removed (under sterile 
conditions) 24 hours postoperatively. The colon was left in situ. The intestine was 
transferred to a sterile beaker containing Hank's balanced salt solution (Sigma, St. 
Louis, MO) with 200 U/ml penicillin G and 200 jag/ml streptomycin (HBSS). The 

10 muscularis were isolated as described above and blotted onto sterile gauze. The wet 
weight of samples was determined, and aliquots of 150-200 milligrams of tissue were 
created. Tissues were washed twice in HBSS. Aliquots were transferred to 35 
millimeter well culture plates containing 3 ml of serum-free DMEM containing 
penicillin/streptomycin, as above, and incubated for 24 hrs in a 5% C0 2 incubator at 

15 37°C. After the incubation period, 1 ml aliquots of the supernatant were frozen in 

liquid nitrogen and stored at -80°C. Cytokine protein levels were measured by ELIS A 
and normalized to the tissue wet weight. Commercially available ELIS A kits were 
used according to the manufacturers' instructions. 

20 Data analysis 

Results are expressed as mean plus or minus the standard error of the mean 
(SEM). Statistical analysis was performed using Student's t test or analysis of 
variations (ANOVA) where appropriate. A probability level of p<0.05 was considered 
statistically significant. 

25 

CO suppresses the development of intestinal dysfunction associated with SITx 

The effects of SITx and treatment with CO on spontaneous and bethanechol- 
stimulated small intestinal circular muscle contractility were investigated in organ bath 
experiments in vitro. Tissues were harvested 24 hours after reperfusion of the 
30 transplanted intestinal graft. Muscle strips from control intestine generated regular 
contractions (data not shown). Treatment with CO for 24 hours had no effect on 
spontaneous contractile activity in unoperated control rats (data not shown). After 
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SITx, spontaneous contractile activity was lost (data not shown). CO treatment 
restored spontaneous contractile activity in transplanted rats (data not shown). 

The addition of bethanechol (0.3 to 300 |LiM) to the bath superfusate elicited 
concentration-dependent tonic contractions. Integrated contractile responses 

5 normalized to tissue area obtained in response to increasing doses of bethanechol are 
shown in Fig. 1. In control animals, contractile force was concentration dependent over 
the range of 10 to 300 jxM bethanechol, with a peak force of 3.5 ± 0.7 g/mm 2 /s 
generated in response to 100 \xM bethanechol. Treatment with CO had no effect on 
contractility in unoperated animals (peak contractile force 3.2 ± 0.5 g/mm 2 /s). SITx led 

10 to a reduction in contractile force generated throughout the dose-response curve 
compared with controls that reached statistical significance at bethanechol 
concentrations greater than 10 pM. At 100 |iM bethanechol, peak contractile force was 
reduced by 49% to 1.7 ± 0.4 g/mm 2 /s. Treatment with CO prevented the inhibitory 
effect of SITx throughout the dose-response curve, restoring peak contractile force to 

15 control levels (3.6 ± 0.7 g/mm 2 /s). 

Intestinal transit was measured in controls and transplanted animals 48 hours 
postoperatively by evaluating the intestinal distribution of orally-fed, fluorescein- 
labeled dextran. Figs. 2A-2B are transit histograms illustrating distribution of non- 
absorbable FITC-labeled dextran along the gastrointestinal tract (from stomach to 

20 colon) 2 hours after oral administration. A median histogram of the fluorescence in 
each bowel segment, 2 hours after oral feeding, from unoperated control rats and from 
control rats treated with CO is plotted in Fig. 2A. In both groups, the majority of the 
fluorescent label was located in small bowel segments 9 and 10, and in the cecum. This 
is in contrast to the distribution pattern observed in transplanted rats (Fig. 2B), where 

25 fluorescent label was found primarily in the stomach, with some label entering the 
proximal small bowel. In transplanted animals treated with CO, the distribution of 
label was more distal, accumulating primarily within small bowel segments 6, 7 and 8. 
Statistical analyses of the results from calculation of Geometric Center, summarized in 
Fig. 2C, demonstrate that inhalation of CO significantly improved intestinal transit in 

30 rats that underwent small bowel transplantation. 
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Leukocyte Recruitment 

Cellular inflammatory events in the small intestinal muscularis were 
characterized 

24 hours after SITx. Myeloperoxidase (MPO) activity, as determined by Hanker-Yates 
5 histochemstry, was used to quantify leukocyte infiltrate in tissues from control and 
transplanted animals, with and without CO treatment. In unoperated control and CO- 
treated control rats, MPO-positive cells were rare (data not shown). SITx resulted in a 
significant recruitment of leukocytes into the intestinal muscularis (data not shown). 
Cell counts per 200X field are summarized in Fig. 3, which shows that CO treatment 
1 o decreased the mean number of MPO positive cells; however, this reduction did not 
achieve statistical significance (p = 0.08, n=6). 

Sequence analysis of cytokines in mucosal and muscular layers 

RNase protection assays demonstrated that SITx caused a significant 
15 upregulation of both IL-6 and IL-ip mRNAs, which peaked 3 - 6 hours within the 
transplanted graft. (Figs. 4A and 4B). Accordingly, inflammatory mediator mRNA 
levels were analyzed 4 hours after reperfusion. 



Molecular inflammatory response 

20 Fig. 5 is a set of bar graphs that illustrate the effect of CO on nitric oxide 

synthase (iNOS), IL-6, IL-ip, and IL-10 expression in the muscularis externae of 
intestinal grafts four hours after reperfusion. Real time PGR analysis revealed a 
significant increase in pro-inflammatory cytokine mRNA expression (IL-6 (3400-fold) 
and IL-IP (38-fold)) in the muscularis externae of intestinal grafts. TNFcx was also 

25 significantly upregulated, but to a lesser degree (3-fold). ICAM-1 gene expression, an 
adhesion molecule that plays an important role in the recruitment of circulating 
inflammatory cells, was increased 14-fold. In recipient rats treated with CO, the mean 
relative IL-6 and IL-1(3 expression was reduced (by 40% and 50%, respectively), 
whereas TNFoc and ICAM-1 expression was unchanged. Due to large standard 

30 deviation among the transplanted groups, the decrease in IL-6 mRNA expression in CO 
treated rats did not achieve statistical significance (p = 0.084, n=6) whereas IL-ip 
expression was significantly reduced (p = 0.046, n=6). Gene expression of the 
inducible forms of cyclooxygenase (COX-2) and nitric oxide synthase (iNOS) were 
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also significantly upregulated in the muscularis of transplanted grafts (5-fold and 48- 
fold, respectively). The mean relative mRNA expression of both enzymes was reduced 
by approximately 50% in CO-treated rats. Once again, the reduction in iNOS 
expression was not quite significant (p = 0.060, n=6) whereas the reduction in COX-2 
5 expression was quite significant (p=0.26, n=6). Inhalation of CO alone had no effect 
on the expression of any of the mediators studied. 

Fig. 6 is a set of bar graphs that illustrate the effect of CO on serum IL-6 and 
nitrate/nitrite concentrations in animals receiving intestinal grafts at one and four hours 
after reperfusion. To generate these data, serum samples were taken at various time 

10 points following transplantation and stored at -80°C until evaluation. Serum IL-6 
concentrations were determined using a rat enzyme-linked immunoassay (ELIS A) kit 
(R&D, Cambridge, MA). The serum nitrite/nitrate levels, the stable end products of 
NO metabolism, were measured using a commercially available test kit (Cayman, Ann 
Arbor, MI). In this assay system, nitrate is reduced to nitrite using nitrate reductase, 

1 5 and nitrite concentration of the sample was subsequently measured using the Griess 
reaction. Serum IL-6 and nitrite/nitrate levels in animals subjected SITx and treated 
with air increased over time. Animals subject to SITx and treated with CO (SITx 4- 
CO) showed significantly decreased serum levels of both IL-6 and nitrite/nitrate. 
Data demonstrating that CO protects against transplant induced intestinal 

20 dysfunction are tabulated in Table I, below. Early (<48 hours) after SITx, intestinal 
grafts suffered from a significant delay in intestinal transit, reduction of muscle 
contractility, and massive inflammatory infiltrates. These changes were reduced in 
recipients treated with CO. Serum IL-6 concentrations (4 hours after reperfusion) were 
significantly lower in SITx with CO compared to SITx without CO. CO prevented 

25 intestinal graft inflammation and I/R injury associated with SITx by down regulating 
the pro-inflammatory cytokines IL-6 and IL-1. 



Table 2: CO suppresses intestinal dysfunction associated with SITx. 





Intestinal 
transit 


Contractile 

force 
(g/s/mm 2 ) 


Inflammatory 

infiltrates 
(/200x field) 


EL-lp mRNA 
(%GAPDH) 


IL-6 mRNA 
(%GAPDH) 


Serum IL-6 
(pg/ml) 


Normal 


normal 


2.5+0.1 


4.2 + 1.1 


0 


0.8 + 0.1 


273 


SITx 


delayed 


1.0 ±0.3 


37 ± 8.4 


12.2 ± 2.7 


41.9 ±3.8 


6042 


srrx+co 


normal 


3.0 ± 0.4 


21 ±3.2 


6.6 ±0.1 


22.3 ± 1.8 


1439 
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Example 2. CO suppresses the development of ileus associated with surgical 
manipulation of the small intestine 

Animals 

5 C57B16 wild type male mice (20-25 g) were obtained from Harlan 

(Indianapolis, IN). Mice were housed in a pathogen-free facility, maintained on a 12- 
hour light/dark cycle, and fed commercially available rodent chow and tap water ad 
libitum. 

10 Experimental Groups and Operative Procedures 

Age-matched mice were divided into four experimental groups: naive controls 
(Control); controls treated with CO (Control+CO); mice subjected to surgical 
manipulation of the small intestine (IM); and mice subjected to surgical manipulation 
and treatment with CO (IM+CO). 

15 

Surgical Manipulation. Mice were anesthetized with inhaled isoflurane and the 
abdomen opened by midline laparotomy. The small intestine was eventrated and gently 
compressed along its entire length using moistened sterile cotton applicators. This 
procedure is designed to simulate "running" of the bowel commonly performed during 

20 abdominal surgery in the clinical setting. The bowel was repositioned in the abdominal 
cavity and the incision closed by two layers of continuous sutures. The duration of the 
procedure was approximately 15 minutes and the animals moved freely about their cage 
within 20 minutes of withdrawal of anesthetic. 

CO Inhalation Treatment. Mice housed in cages were placed in plexiglass 

25 chambers that were continuously ventilated with air or with air containing CO (250 
ppm). A sampling port was provided to continuously monitor carbon monoxide 
concentrations within the chamber. Animals had free access to food and water at all 
times. Mice were exposed to CO or air 1 hour prior to laparotomy, removed for 
surgical manipulation, and then returned to the chamber for 24 hours. Mice not 

30 undergoing surgery were removed from the chamber for a similar length of time and 
then returned to the chamber for 24 hours. 
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Morphological Studies 

MPO Histochemistry. Muscularis whole-mounts were prepared from the mid- 
jejunum collected 24 hr postoperatively. Segments of intestine were immersed in 
KRB in a Sylgard lined glass dish (Midland, MI) and pinned without stretching along 

5 the mesenteric border. The length and width of the segments were measured with a 
caliper. The jejunal segment was then opened along the mesenteric border and 
stretched to 150% of the length and 250% of the width. The mucosa was removed 
using fine forceps, and the remaining tissue fixed in 100% denatured ethanol for 30 
min. After washing several times with PBS, the tissue was treated with Hanker- 

1 o Yates reagent (Poly sciences, Warrington, PA) for detection of polymorphonuclear 
neutrophils (PMN's) exhibiting myeloperoxidase (MPO) activity. Tissues were 
mounted on glass slides using Gel/MountTM (Biomedia Corp., Foster City, CA), cover- 
slipped and inspected by light microscopy (Nikon Microphot-FXA, Fryer, Huntley, IL) 
at a magnification of 200X. PMN's were counted in five to six adjacent optical fields 

15 centered between the mesenteric and antimesenteric borders. 

HO-1 Immunohistochemistry. Muscularis whole-mounts prepared as above 
were fixed in Zamboni's fixative for 1 hour, cleared with DMSO. After washing 
several times with PBS, tissues were treated with PBS containing 10% normal donkey 
20 serum and 0. 1 % Triton-X. Whole-mounts were then incubated overnight with rabbit 
anti-rat HO-1 antibody (1:500, Stressgen, Vancouver, Canada), washed, and incubated 
for 2 hr. with donkey anti-rabbit IgG-Cy3 conjugate (Jackson ImmunoResearch 
Laboratories, Inc., West Grove, PA). Tissues were mounted with Gel/Mount™ as 
above and inspected by fluorescence microscopy (Nikon Microphot-FXA, Huntley, EL). 

25 

Functional Studies 

Mice were anesthetized and killed by exsanguination at the end of the 24-hour 
chamber treatment with CO or room air. In vitro circular muscle mechanical activity 
was measured as previously described in Eskandari et al. (Am. J. Physiol. 273:G727- 
30 G734 (1997)). Briefly, a segment of mid small bowel was pinned in a Sylgard™ 
(Midland, MI) lined dissecting dish containing pre-oxygenated Krebs-Ringer- 
bicarbonate buffer (KRB; in mM: 137.4 Na + , 5.9 K + , 2.5 Ca 2+ , 1.2 Mg 2+ , 134 CF, 15.5 
HC0 3 ", 1.2 H2PO4-, and 11.5 glucose), gassed with 97% 0 2 /3% CO z to establish a pH 
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of 7.4. The intestine was opened along the mesenteric border, and the mucosa removed 
by stripping with fine forceps. Full-thickness strips of muscularis (1x6 mm) cut 
parallel to the circular muscle layer were mounted in standard horizontal mechanical 
organ chambers and were continuously superfused with preoxygenated KRB 

5 maintained at 37°C. One end of each strip was attached by ligature to a fixed post and 
the other to an isometric force transducer (WPI, Sarasota, FL). Strips were allowed to 
equilibrate for 1 hour, after which they were incrementally stretched to Lo (length at 
which maximal spontaneous contraction occurs). After a baseline recording period of 
30 min, contractility-response curves were generated by exposing the tissues to 

1 o increasing concentrations of the muscarinic agonist bethanechol (0.3 to 300 juM) for 10 
minutes, followed by intervening 10-minute wash periods. Contractile activity was 
calculated by integrating the area under the trace. The response was normalized to the 
amount of tissue by converting the weight (L03 mg/mm 2 ) and length of the strip to 
square millimeters of tissue, and reported as g/s/mm 2 . Intestinal transit was measured 

15 in controls and manipulated animals 24 hours postoperatively by evaluating the 

intestinal distribution of a non-absorbable fluorescein-labeled dextran (MW 70,000). 
Animals were lightly sedated with isofluran and fed orally with labeled dextran (100 ^1 
of 25 mg/ml stock solution). Ninety minutes after administration, the animal was 
sacrificed and the entire bowel from stomach to distal colon was collected. The 

20 contents of the stomach, small bowel (divided into 10 segments of equal length), the 
cecum, and colon (3 segments of equal length) were each minced in 1 ml of saline and 
mixed vigorously to release the dextran present in each segment. After pelleting the 
intestinal tissue and chyme, aliquots of the cleared supernatant were read in duplicate 
on a plate reader (CytoFluor II; excitation wavelength 530 nm and emission 590 nm) 

25 for quantification of the fluorescent signal in each bowel segment. The distribution of 
signal along the gastrointestinal tract was determined by calculating the geometric 
center (GC = I(percent of total fluorescent signal in each segment x the segment 
number) for quantitative statistical comparison among experimental groups. 

30 SYBR green real time RT-PCR 

Pro- and anti-inflammatory gene expression was determined by real time RT- 
PCR. The small intestinal muscularis externa was collected at 4 time points (3, 6, 12, 
and 24 hr) postoperatively and snap frozen in liquid nitrogen. Total RNA extraction 
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was performed using the guanidium-thiocyanate phenol-chloroform extraction method 
as described in Eskandari et al. (Id.) RNA pellets were resuspended in RNA-secure 
resuspension solution (Ambion Inc., Austin, TX), followed by removal of potential 
contaminating DNA by treatment with DNase I (DNA-Free Kit, Ambion Inc., Austin, 

5 TX). Equal aliquots (5 fig) of total RNA from each sample were quantified by 
spectrophotometry (wavelength 250 nm). Peak mRNA expression was quantified 
in duplicate by SYBR Green two-step, real-time RT-PCR. 6-actin was used as the 
endogenous reference. Aliquoted RNA (40 ng) was subjected to first-strand 
complementary DNA (cDNA) synthesis using random hexamers (PE applied 

1 o Biosystems, Foster City, CA) and Super Script II (Life Technologies, Rockville, MD). 
Primers were taken from the literature or designed according to published sequences 
(Table 3). PGR reaction mixture was prepared using SYBR Green PCR Core Reagents 
(PE Applied Biosystems). Each sample was estimated in duplicate using the conditions 
recommended by the manufacturer. Real-time PCR data were plotted as the AR n 

15 fluorescence signal versus the cycle number. An arbitrary threshold was set to the 
midlinear portion of the log AR n cycle plot. The threshold cycle (C T ) is defined as the 
cycle number at which the AR n crosses this threshold. Quantification of mRNA 
expression was normalized to 8-actin and calculated relative to control using the 
comparative CT method. 
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Table 3. Primer Summary 



Primer 
SEQ. ID 


Source 


Sequence 5' to 3' Product 

size (bp) 
NO. 


P-Actin 
17 

18 


Overbergh et al. 


AGAGGGAAATCGTGCGTGAC 


138 




CAATAGTGATGACCTGGCCGT 




BL-6 
19 

20 


GenBank M20572 


TCAATTCCAGAAACCGCTATGA 


78 




CACCAGCATCAGTCCCAAGA 




IL-ip 
21 

22 


GenBankM15131 


CAGGTCGCTCAGGGTCACA 


75 




CAGAGGCAAGGAGGAAACACA 




IL-10 

23 

24 


GenBank M37897 


CACAAAGCAGCCTTGCAGAA 


68 




AGAGCAGGCAGCATAGCAGTG 




HO-1 
25 

26 


GenBank X13356 


CTCACTGGCAGGAAATCATCC 
ACCTCGTGGAGACGCTTTACA 


67 


iNOS 
27 

28 


GenBank NM 010927 GTGACGGCAAACATGACTTCAG 
GCCATCGGGCATCTGGTA 


74 


COX2 
29 

30 


GenBank NM 01 1 198 CTGGGACCCAACCCTCTGA 
ACGGTGTGTACCACACGGC 


71 



5 To exclude PGR amplification of contaminating genomic DNA, RT-negative controls 
(samples containing RNA which was not reverse transcribed) were included in each 
PGR 

reaction. Melting curve analyses were performed for each reaction to ensure 
amplification of 

10 specific product. In addition, gel electrophoresis were performed for the primers to 
confirm the absence of non-specific bands and that the amplicons were of the correct 
size. PGR amplification efficiency of each target cDNA was measured by determining 
the colinearity of serial dilutions. Serial 3-fold dilutions of cDNA were performed in 
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triplicate for all primers. Standard curves were generated by plotting Or values against 
relative input copy number to validate the primers. Slopes of the standard curves of - 
3.2 ± 0.3 with correlation coefficients of 0.99 were considered to be acceptable, having 
corresponding efficiencies of 100 ± 10%. 

5 

Analyses of Mediator Release from Intestinal Muscularis 

Protein and Nitric Oxide Determinations. The small bowel of control and mice 
subjected to intestinal manipulation was removed under sterile conditions, 4 or 24 
hours post-operatively, leaving the colon in situ. The small intestine was transferred to 

1 0 a beaker containing chilled Hanks balanced salt solution (Sigma, St. Louis, MO) with 
200 U/ml penicillin G and 200 jug/ml streptomycin (HBSS), the lumen flushed, and the 
tissue transferred to a second beaker of HBSS. The muscularis was harvested as 
described above for real time RT-PCR. Tissues were maintained under sterile 
conditions at 3 to 5°C throughout the harvesting procedure. Isolated muscularis was 

1 5 blotted onto sterile gauze, and the wet weight determined to obtain aliquots of 40 to 60 
mg. Tissue aliquots were washed twice in HBSS, transferred to 35 mm well culture 
plates containing 3 ml of serum-free DMEM containing penicillin/streptomycin, and 
incubated for 24 hrs in a humidified 5% CO2 incubator at 37°C. Pharmacological 
agents added to the culture medium were filter sterilized prior to use. 

20 After the incubation period, the muscle tissue was pelleted, and aliquots of 

culture medium were frozen in liquid nitrogen and stored at -80°C. The levels of IL-6, 
IL-ip, PGE 2 , and IL-10 proteins secreted into the culture medium were determined 
using commercially available ELISA kits (R&D Systems, Minneapolis, MN) according 
to the manufacturer's instructions. Nitric oxide (NO) released into the culture medium 

25 was estimated by measuring the stable end products of NO metabolism. Nitrate/nitrate 
levels were measured 24 hrs postoperatively using commercially available test kit 
(Oxford Biomedical Research, Oxford, MI) and quantified according to the 
manufacturer's directions. In this assay system, nitrate is reduced to nitrite using 
granulated cadmium, and the total nitrite concentration is subsequently measured using 

30 the Griess reaction. All measurements were normalized to tissue wet weight. 
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Inhaled CO Suppresses Development of Postoperative Ileus 

General Observations 

All animals recovered rapidly from surgery. No mortality or morbidity was 
associated with the surgical procedure or with the CO exposure regime. Although mice 
developed ileus, postoperative grooming and daily behavior was normal, with 
resumption of oral food and water intake occurring within a few hours after recovery 
from anesthesia. 



Expression ofHO-1 

Figs. 7A-7E are a bar graph and pictures illustrating expression of heme 
oxygenase (HO)-l within the intestinal muscularis following surgical manipulation of 
the murine small bowel. To investigate a potential anti-inflammatory protective role 
for endogenous HO-1 products, alterations in HO-1 mRNA expression were determined 
by SYBR green real-time RT-PCR. Fig. 7 A illustrates the expression patterns of HO-1 
mRNA in the intestinal muscularis of unoperated control mice, and manipulated mice 
that were harvested 3, 6, 12, and 24 hr after laparotomy. HO-1 mRNA expression was 
significantly increased 35-fold relative to controls by 3 hr post-1 aparotomy, with peak 
expression occurring 6 hr postoperatively at 45-fold. Although levels of expression 
declined somewhat after 6 hr, expression remained elevated (22-fold) through the final 
time point measured at 24 hr postoperatively. 

Whether the increase in HO-1 mRNA resulted in protein expression within the 
intestinal muscularis after surgical manipulation was also investigated. HO-1 
immunohistochemistry was performed on muscularis whole-mounts of mid-jejunum 
collected from unoperated mice and 24 hr postoperatively from mice subjected to 
surgical manipulation of the small intestine. In manipulated animals, HO-1 
immunoreactivity was observed within large numbers of infiltrating 
polymorpholeukocytes (Fig. 7B), and in cells morphologically similar to macrophages 
(Fig. 7C). Occasionally, cells containing numerous cytoplasmic granules 
(granulocytes) were also found to exhibit intense HO-1 immunoreactivity (Fig. 7D). 
Faint HO-1 immunoreactivity was also observed in an uncharacterized population of 
cells dispersed within the muscle layers. HO-1 immunoreactivity was not detected in 
whole-mounts from unoperated control mice (Fig. 7E). Specificity of immunostaining 
for HO-1 was confirmed by omission of the primary antibodies (not shown). 
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Functional Studies 

Intestinal transit was measured in controls and manipulated animals 24 hours 
postoperatively by evaluating the gastrointestinal distribution of orally fed fluorescein 
labeled dextran. Figs. 8A-8C are bar graphs illustrating the results of transit studies 

5 determined from the distribution of non-absorbable fluorescein-labeled dextran 1.5 
hours after oral administration. A median histogram of the fluorescence present in each 
bowel segment of naive control mice and CO treated mice is plotted in Fig. 8A. In 
naive animals, the labeled dextran was distributed primarily within the terminal small 
bowel, cecum, and proximal colon 90 minutes after ingesting dextran. Inhalation 

10 treatment with CO (250 ppm) alone caused a slight insignificant shift in transit, with 
the label distributed predominantly within the cecum and colon. Fig. 8B compares the 
distribution of the fluorescent signal in mice that underwent intestinal manipulation, 
with or without CO treatment. After intestinal manipulation, the fluorescent signal was 
confined to the stomach and proximal 3 segments of small bowel. When animals were 

15 treated with CO, the label was distributed more distally throughout the gastrointestinal 
tract. Results from the calculations of the Geometric Center (GC) are summarized in 
Fig. 8C for statistical comparison. Higher values of GC indicate a more distal 
distribution of fluorescent signal, and correspond to a more rapid transit. The values in 
this figure demonstrate that CO accelerated intestinal transit in unoperated mice, but 

20 GC values did not achieve statistical significance. Additionally, as previously shown 
GC values show that transit is markedly slower after intestinal manipulation, but that 
this prolongation in transit was significantly improved in mice treated with CO 
inhalation. 

The effects of CO on spontaneous and bethanechol stimulated small intestinal 
25 circular muscle contractility were investigated in vitro in organ bath experiments 24 
hours after surgical manipulation of the intestine, a time point when ileus has been 
shown to be well established. Figs. 9A-9C illustrate the mechanical activity of such 
small intestinal circular smooth muscle strips. Fig. 9A is a set of representative traces 
showing spontaneous contractility of intestinal circular muscle. Muscle strips from the 
30 small bowel of naive mice generated regular contractions (Fig. 9A; Control), and 
treatment with CO had no effect (Fig. 9A; Control + CO). After IM, spontaneous 
contractile activity was significantly suppressed (Fig. 9A; IM). However, in IM mice 
treated with CO, rythmicity was significantly improved (Fig. 9A; IM + CO). The 
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addition of the muscarinic agonist bethanechol (0.3 to 300 fiM) to the superfusate 
elicited concentration-dependent tonic contractions. The area under the contraction 
curve was integrated and normalized to muscle strip surface area to obtain a measure of 
circular muscle contractility. Figs. 9B and 9C are line graphs illustrating normalized 

5 contractility. In control mice, peak contractile force (3.5 ± 0.7 g/s/mm 2 ) was generated 
in response to 100 fxM bethanechol (Fig. 9B). CO alone had no effect on control 
contractions (3.2 ± 0.5 g/s/mm 2 ). Surgical manipulation led to a reduction in contractile 
force throughout the dose-response curve compared with controls, achieving statistical 
significance at bethanechol concentrations greater than 10 fXM (Fig. 9C). Peak 

10 contractile force generated with 100 fiM bethanechol was reduced by 49% (1.7 ± 0.4 
g/s/mm 2 ) in these mice. Inhalation of CO (250 ppm) completely prevented the 
inhibitory effect of surgical manipulation (3.6 ± 0.7 g/s/mm 2 ). 
MPO Histochemistry 

Surgical manipulation of the small bowel typically causes a massive cellular 
15 inflammatory response within the muscularis. Hanker-Yates histochemistry for 

myeloperoxidase (MPO + ) activity was used to quantify leukocyte infiltrate in tissues 
from control and manipulated animals, with and without CO treatment. Fig. 10 is a 
histogram that summarizes the data on MPO + cells infiltrating the intestinal muscularis 
for the four experimental groups used in this study. Leukocytes were counted at a 
20 magnification of 200X. In control specimens that did not undergo surgery, MPO + cells 
were rare. Surgical anesthesia and intestinal manipulation resulted in a 250-fold 
increase in the number of MPO + cells infiltrating the muscularis at 24 hr. Interestingly, 
CO inhalation treatment had no effect on the magnitude of the leukocyte infiltrate in 
either group. 

25 

Pro-Inflammatory Cytokine Expression 

Figs. 11A-11C are bar graphs illustrating the effects of inhaled CO on 
expression of IL-6. The figures show the time course of IL-6 gene expression after 
small bowel manipulation, and the effects of inhaled CO on IL-6 gene and protein 
30 expression. Time course analysis using real time RT-PCR showed that IL-6 mRNA 
was increased 300-fold relative to naive control mice, 3 and 6 hr postoperatively 
(Figure 11 A). Expression declined rapidly by 12 hr, falling to a 50-fold increase 
relative to controls at 24 hr. Inhalation of CO had no effect on manipulation-induced 
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gene expression at the 3 and 6 hr time points (Fig. 1 IB). IL-6 protein release from the 
isolated muscularis was measured after incubation in cell culture medium (Fig. 11C). 
IL-6 protein was elevated massively 24 hr after intestinal manipulation, and in contrast 
to the PCR data protein release was reduced significantly by 70% in mice treated with 
5 CO. 

The proinflammatory cytokine IL-1(3 was also investigated. The time course of 
EL- 1(3 gene expression is shown in Figs. 12A-12B. Measurements of IL-1|3 were 
complicated by the observation that rnRNA levels in muscularis extracts from naive 
control mice and in control mice treated with CO were below the detection capabilities 

10 of the sequence analyzer. Thus, samples from manipulated mice harvested 6 hrs 
postoperatively were diluted serially and values of cycle threshold (C T ) were 
normalized to 6-actin determined from undiluted samples. Control AC T 
values were then calculated using the lowest concentration of IL-1(3 for which the C T 
decreased to within linear range. Changes in gene expression for the remaining 

15 experimental groups were then calculated relative to this control, and therefore are 

conservative in their estimation of the actual fold-increase. From these calculations, IL- 
1(3 mRNA expression in response to surgical anesthesia and intestinal manipulation 
was found to increase 38-fold relative to control, 3 hrs after surgery. Maximal 
expression occurred somewhat later than reported earlier for IL-6, reaching 170- and 

20 150-fold at 6 and 12 hr postoperatively, and dropping again to 40-fold by 24 hr (Fig. 
12A). In animals treated with CO, EL-1(3 expression at the 6 hr time point was reduced 
by 60% (Fig. 12B). IL-1(3 protein release from muscularis extracts harvested 24 hr 
after surgery was measured after a further 24 hours of incubation in cell culture 
medium (Fig. 12C). Correlating with the RT-PCR data, no IL-ip protein could be 

25 detected in either control group, whereas the concentration of protein produced by 100 
mg of extracted tissue was elevated after intestinal manipulation. This response was 
reduced significantly by 60% in mice treated with CO inhalation. 



Cyclooxygenase-2 and Inducible Nitric Oxide Synthase Expression 
30 Activated resident macrophages and infiltrating leukocytes synthesize and 

release prostaglandins derived from the inducible isoform of cyclooxygenase, COX-2, 
and nitric oxide (NO) derived from the inducible form of nitric oxide synthase (iNOS), 
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which have direct and potent inhibitory effects on the intestinal smooth muscle 
contractile apparatus. 

The temporal profile for iNOS expression following manipulation is illustrated 
in Figs. 13A-13C. Time course analysis showed that gene expression was increased 
5 significantly 3 and 6 hr after small bowel manipulation (Fig. 13B). Peak expression at 
6 hr was reduced by 60% in animals treated with CO (Fig. 14B). Exposure of naive 
mice to CO had no effect on iNOS expression (fold increase: Control, 1.06 ± 0.18; CO 
3 hr, 1.04 ± 0.19; CO 6 hr, 1.26 ± 0.19). Total nitrite released into the culture medium 
from muscularis extracts harvested 24 hr postoperatively, was measured as an estimate 

10 of NO production (Fig. 13C). As predicted by the PCR data, nitrite measurements were 
significantly increased after intestinal manipulation and this increase was reduced by 
75% by treating mice with CO. A similar attenuation of the response was achieved by 
incubating the muscularis extracts in the presence of the selective iNOS inhibitor, L-Nil 
(50 /xM), indicating that iNOS was the source of the surgically induced increase in NO 

15 production. 

Figs. 14A-14D are bar graphs illustrating the effects of inhalation of CO on the 
expression of COX-2. The figures show the temporal profile of IM induced COX-2 
expression. Time course analysis showed that COX-2 gene expression was increased 
8-10 fold, 3 to 6 hr after surgery, and remained elevated through 24 hr (Fig. 14A). CO 

20 treatment had no effect on gene expression at the 3 or 6 hr time points (Fig. 14B). The 
CO inhalation itself by unoperated control mice resulted in a relatively small 2.5-fold 
induction of COX-2 message 3 hr postoperatively (Fig. 14C). PGE 2 release from 
muscularis extracts harvested 24 hr after surgery was measured as a marker of COX-2 
activity (Fig. 14D). Consistent with the PCR data, both inhalation of CO alone and 

25 intestinal manipulation caused significant increases in PGE 2 release. Specifically 

concerning PGE 2 , treatment of manipulated mice with CO had no effect on IM-induced 
release of this prostanoid. 

Anti-Inflammatory Gene Expression 

IL-10 is a pleiotropic cytokine that has important protective and anti- 
30 inflammatory effects in the gastrointestinal tract. Figs. 15A-15C illustrate the effects of 
CO inhalation of on IL-10 expression. The figures show the profile of IL-10 
expression over time. Gene expression underwent a 12-fold increase relative to control 
in response to intestinal manipulation, 3 and 6 hrs after surgery. Expression dropped 
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thereafter, but remained elevated through 24 hr at approximately 4-fold relative to 
control expression (Fig. 15 A). In CO treated manipulated animals at the 3 hr time 
point, DL-10 gene expression was increased to 43-fold relative to controls, a response 
300% greater than that of manipulation alone (Fig. 15B). In control mice, CO 
5 inhalation alone was sufficient to induce a significant increase in IL-10 expression (Fig. 
15C). 

The effect of inhaled CO on HO-1 gene expression was also evaluated. Figs. 
16A-16B illustrate the effect of CO inhalation on HO-lexpression. Fig. 16 A compares 
IM-induced gene expression 3 and 6 hr after surgery (see Fig. 7D), with that achieved 
1 o in manipulated mice treated with CO. Inhalation of CO also increased HO-1 gene 

expression 3 hr postoperatively to a level 300% greater than that of manipulation alone 
(Fig. 16B). In this case, inhalation of CO alone by unoperated control mice induced a 
small, though significant, increase in HO-1 gene expression, but only at the 6 hr time 
point. 

15 

The present example provides both in vivo and in vitro evidence that the 
inhalation of a low concentration of CO (250 ppm) significantly attenuates the 
intestinal dysmotility that characterizes postoperative ileus. The data show that CO can 
act at the level of gene and protein expression to selectively modulate specific elements 

20 of both pro-inflammatory and anti-inflammatory pathways leading to a significant 
improvement in intestinal function. 

Postoperative ileus is currently a virtually inevitable consequence of abdominal 
surgical procedures, and can range from short-term atony to severe paralytic ileus that 
can persist for days. Paralytic ileus is characterized by intestinal stasis, bacterial 

25 overgrowth, and fluid electrolyte imbalances, resulting in significant morbidity and 
often mortality. Exposure of mice to CO by inhalation improved the manipulation 
induced suppression in spontaneous circular smooth muscle contractility, restored the 
muscle's capacity to contract in response to cholinergic agonists, and significantly 
attenuated the impairment in intestinal transit. This improvement in overall contractile 

30 function was achieved without a significant reduction in the inflammatory cell 

infiltrate, suggesting that CO acted on elements of the inflammatory cascade other than 
those associated with leukocyte recruitment. In order to assess the effect of CO on the 
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inflammatory cascade, pro- and anti-inflammatory mediator gene expression was 
assessed by real time RT-PCR. 

Increased levels of the pro-inflammatory cytokines EL-6 and IL-1 are 
consistently expressed during acute and chronic intestinal inflammation in humans and 
5 animals, including postoperative ileus. IL-6 activates a variety of cell types to induce 
synthesis of chemoattractants and adhesion molecules, and thus plays a central role in 
initiating leukocyte recruitment and extravasation into the intestinal muscularis. In this 
example, inhalation of CO did not alter the early surgically induced increase in IL-6 
gene expression measured 3 and 6 hr postoperatively, a finding consistent with its lack 

1 o of effect on the magnitude of the inflammatory cell infiltrate. However, IL-6 protein 
release from the isolated intestinal muscularis determined 24 hr postoperatively was 
reduced by 60% from 5000 pg/ml to 2000 pg/ml in mice treated with CO, suggesting 
that CO has a post-transcriptional effect on IL-6 expression. This sustained level of 
protein release was still markedly elevated relative to naive controls (150 pg/ml), 

1 5 making it difficult to estimate what effect this may have on IL-6 proinflammatory 
signaling. Recent studies, however, have shown that IL-6 may also have important 
anti -inflammatory properties, suggesting that continued expression of IL-6 is necessary 
for the induction of certain protective pathways. These potentially include the ability to 
inhibit the production of TNF-a, TL-ip and macrophage inflammatory protein-2, and to 

20 increase levels of IL-1 receptor antagonist and TNF-soluble receptor in vitro. Thus, the 
dampening of IL-6 mediated pro-inflammatory pathways, as well as the initiation of IL- 
6 mediated anti-inflammatory pathways at later stages in the inflammatory cascade, 
may contribute to the improved intestinal contractility seen 24 hr postoperatively. 

The role played by EL- 1(3 in postoperative ileus has been less well characterized; 

25 however, endogenous IL-1 (3 has been shown to inhibit the contractile responses of rat 
intestinal smooth muscle to cholinergic agonists and to electrical stimulation, 
suggesting that it exerts its inhibitory effects by altering neuronal pathways. In 
addition, immuno-neutralization of IL-1 activity greatly diminished the severity of 
disease in a murine model of colitis, indicating that this cytokine also plays an 

30 important initiating role in intestinal inflammation. In manipulated mice treated with 
CO, IL-ip gene expression was markedly reduced, with a 75% reduction in surgically 
induced gene expression at 6 hr after surgery, and a corresponding reduction in 
protein expression measured at 24 hr. Thus, it would be expected that pro-inflammatory 
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activities of 1L-1B, as well as its potential inhibitory effects on the neuromuscular 
apparatus, would be markedly attenuated. Taken together, these findings suggest that 
the protective effects of CO inhalation occur, at least in part, by a mechanism that 
targets selective elements within the EL-6 and EL-ip mediated pro-inflammatory 

5 cascade that are independent of leukocyte recruitment or that occur after leukocyte 
recruitment has been initiated fully. 

Although the number of infiltrating leukocytes was not altered in CO treated 
mice, the cytokine data indicated that there was a CO-dependent functional inhibition 
of cytokines that are generated classically by leukocytes. Therefore, the modulation of 

10 the leukocyte-derived kinetically active smooth muscle mediators NO and PGE2 as 
additional targets for inhibition by CO was investigated. It has been shown that 
prostanoids produced by COX-2 and nitric oxide produced by iNOS have potent 
inhibitory effects on intestinal smooth muscle contractility, and that inhibition of the 
COX-2 enzyme or the selective knockout of the leukocyte derived iNOS gene markedly 

15 increases resistance to the development of postoperative ileus. In the present example, 
examination of iNOS and COX-2 gene expression revealed that both were significantly 
elevated following intestinal manipulation. Surgically induced increases in both iNOS 
gene expression and NO production were reduced by approximately 75% in CO treated 
animals, suggesting that CO could act at the level of gene transcription to modulate 

20 iNOS expression. It has also been shown in vitro that iNOS activity, as well as the 
endothelial and neuronal isoforms of NOS, can be directly inhibited by CO, possibly 
through the binding of CO to heme moieties present on NOS proteins. Taken together, 
a reduction in NO release as a result of decreased gene expression and/or enzyme 
activity would be expected to contribute significantly to the improved intestinal 

25 function induced by inhalation of CO. In contrast to iNOS, CO inhalation had no effect 
on surgically induced COX-2 mRNA expression or PGE2 release, as measured in 
culture media of the incubated muscularis harvested 24 h after surgery. Interestingly, 
CO inhalation by naive mice resulted in a 2.5-fold increase in COX-2 
mRNA expression 3 hr after surgery with a corresponding increase in PGE2 release 

30 after 24 hr. Induction of COX-2 by CO has not been reported previously, and the 

functional consequence of this increased activity is unknown. CO-treated control mice 
exhibited no functional impairment or elevation of pro-inflammatory mediators 
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suggesting that, in this instance, the induction of COX-2 does not act in a pro- 
inflammatory capacity. 

One of the dramatic effects of CO inhalation was on the expression of genes 
linked to anti-inflammatory pathways: IL-10 and HO-1. While both genes were 

5 induced after intestinal manipulation, expression was increased by 300% in CO treated 
manipulated animals. This increase was observed at the 3 hr postoperative time point 
but not the 6 hr time point suggesting that CO exposure resulted in the early induction 
of these genes, a concept supported by results showing that inhalation of CO alone by 
naive animals resulted in significant induction of IL-10 and HO-1. The role played by 

10 these mediators in postoperative ileus has not been characterized previously. However, 
IL-10 is a pleiotropic cytokine with a wide spectrum of biological effects on lymphoid 
and myeloid cells. One of its known functions is its ability to inhibit the production 
of pro-inflammatory mediators; including the production of tumor necrosis factor- alpha 
(TNFoc) IL-6, IL-1, granulocyte-macrophage colony stimulating factor, and the 

15 generation of nitric oxide by activated monocytes/macrophage. Recently, IL-10 was 
found to inhibit the production of NO by LPS stimulated murine macrophages, both by 
antagonizing the cellular uptake of L-arginine as well as the catalytic activity of iNOS 
itself, thereby potentially contributing to the attenuation of the inhibitory effects of NO 
on intestinal smooth muscle. In addition, it has become increasingly apparent that 

20 induction of the HO-1 mediated pathway has important anti-inflammatory and 

cytoprotective effects under a variety of acute and chronic inflammatory conditions. 
There is now evidence suggesting that the expression of these two mediators is inter- 
related. Published findings have shown that exposure to CO augments IL-10 gene 
expression and protein release from LPS-stimulated macrophages. More recently, 

25 endogenous IL-10 was found to induce HO-1 in murine macrophages, and HO-1 
induction was required for the inhibitory effects of IL-10 on lipopolysaccharide 
induced TNF-oc production. Early induction of HO-1 could result in increased 
endogenous CO output that would be expected to contribute to the effects of the 
exogenously applied gas. In addition, HO-1 activity has cytoprotective and anti- 

30 oxidant properties that have been attributed to free radical scavenging through redox 
cycling of biliverdin and bilirubin. Therefore, increased IL-10 production and 
enhanced activity of HO-1 would act in concert to dampen the inflammatory cascade 
early in its development by down regulating pro-inflammatory mediator expression, 
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enhancing the tissue availability of CO and providing protection from free radical 
stress. 

In summary, the data presented here suggest that the protective effects of CO 
inhalation occur by targeting selective elements within pro- and anti-inflammatory 
5 pathways. CO appears to act at the level of both gene and protein expression leading to 
the induction of IL-10 and HO-1, down regulation of EL- IB, and inhibition of iNOS. 
Together these effects result in the modulation of the surgically induced inflammatory 
responses within the intestinal muscularis, leading to improved postoperative function. 

10 Example 3. CO suppresses the development of ileus associated with surgical 
manipulation of the small intestine in the mouse and the pig 

Ileus was induced in mice by gentle manipulation of the small intestine. An 
incision was made to expose the abdominal cavity of the mouse, and bowel 
manipulation was performed by gentle poking and prodding of the small intestine (see, 

15 e.g., Schwarz et ah, Gastroenterology 121(6):1354-1357 (2001)). The incision was 
subsequently closed, and analyses were performed 24 hours later. Mice were exposed 
to CO by inhalation (250 and 500 ppm) for 1 hour immediately prior to intestinal 
manipulation and during the entire 24-hour recovery period. Intestinal contractility was 
assessed in vitro by measuring circular muscle strip contractions in response to 

20 bethanechol (0.3-300 (iM) and in vivo by determining intestinal transit from the 

distribution of orally-fed, fluorescein-labeled dextran and calculating geometric center 
as described in Example 1 above. HO-1 and IL-10 mRNA expression were determined 
by SYBR green real time RT-PCR from extracts of muscularis externae, as described in 
Example 1 above. Release of nitric oxide (NO), a potent inhibitor of smooth muscle 

25 contractility, was estimated by measuring serum total nitrite, also described in Example 
1 above. 

Peak contractile force generated in response to bethanechol (100 uM) was 
significantly reduced by IM (1.1 ± 0.2 g/s/mm 2 ) compared to controls (2.2 ± 0.5 
g/s/mm 2 ). IM-induced suppression of contractility was prevented in IM + CO mice 
30 (1.9 ± 0.5 g/s/mm 2 ). Intestinal transit also was improved in CO-treated mice 

(geometric center: control = 11.0 ± 0.5, IM = 2.7 ± 0.2, IM + CO = 6.3 ± 0.8). RT- 
PCR data showed that IM induced significant increases in peak HO-1 expression (45- 
fold) at 6 hrs, and IL-6 (300-fold) and IL-10 (13-fold) expression 3 hrs, after IM versus 
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controls. In IM-CO mice, HO-1 expression peaked earlier, 3 hrs post-IM, at a higher 
expression level (150-fold) versus controls. IL-10 expression at 3 hr also was higher in 
IM-CO mice (35-fold). Serum nitrite was increased after IM (18.3 ± 3.6 uM) versus 
control (2.4 ± 1.0 |liM), and reduced after IM-CO (6.0 ±1.6 pM). 
5 Therefore, CO attenuates surgically induced intestinal dysmotility, in vitro and 

in vivo, via mechanisms that may involve induction of the anti-inflammatory cytokine 
IL-10 and decreased NO production. The early induction of HO-1 (300% increase in 
expression over IM alone) would increase the availability of CO, enhancing its anti- 
inflammatory effects. 

1 o Similar experiments were performed in a pig model. Ileus was induced by mild 

manipulation of the small intestine (IM). Pigs were exposed to CO (250 ppm) or air 
(controls) for a period of 3 hr prior to IM. Gastrointestinal function was assessed in 
vivo by observing intestinal transit of steel ball bearings placed within the small 
intestine. CO was found to improve intestinal transit following intestinal manipulation. 

15 

Example 4. Pre-Treatment with Low Concentrations of CO (250 to 75 ppm) for Three 
Hours Prior to Laparotomy Protects Against Development of Postoperative Ileus. 

This example demonstrates that low concentrations of CO delivered for short 
20 periods of time are protective against development of postoperative ileus. 

Ileus was induced by mild manipulation of the small intestine (IM). Rats were 
exposed to decreasing concentrations of CO (250, 125, 75, 30 ppm) in air for a period 
of either 1 hr or 3 hr prior to laparotomy (n=6). Results were compared to those 
obtained using previously 
25 established protocols of exposure to CO at 250 ppm 1 hr before and for 24 hr after 
laparotomy. 

Gastrointestinal function was assessed in vivo by determining intestinal transit from the 
distribution throughout the GI tract of orally fed fluorescein labeled dextran. The 
median distribution of the labeled dextran was determined for statistical comparison by 
30 calculating the geometric center (GC). 

Geometric center was significantly decreased in rats that underwent surgical 
manipulation compared to unoperated controls (GC: control = 9.8 ± 0.2, IM = 5.8 ± 
0.4) indicating a significant slowing of intestinal transit. Although exposure of 
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unoperated rats to 250 ppm for 24 hr resulted in a slight delay in intestinal transit (GC: 
8.8 ± 0.4), a 1 hr pretreatment followed by 24 hr post-treatment with 250 ppm CO 
resulted in a significant improvement in intestinal transit in rats that underwent surgical 
manipulation (GC: 8.2 ± 0.4). Pretreatment of manipulated rats with 250 ppm for 1 hr 

5 only prior to surgery was less effective in preventing surgically induced inhibition of 
transit (GC: 7.2 ± 0.3), whereas pretreatment for 3 hr produced an effect equivalent to 
that achieved with 24 hr treatment (GC: 8.6 ± 0.3). A similar improvement was 
obtained by pre-treating with concentrations as low as 125 and 75 ppm (GC: 8.6 ± 0.4 
and 8.8 ± 0.1, respectively). This protective effect declined when the CO concentration 

10 was further reduced to 30 ppm (GC: 7.0 ± 0.2). 

This example demonstrates that prolonged exposure to CO is not required to 
derive full benefit of protection from the development of postoperative ileus. The 
incorporation of low concentrations of CO into anesthesia gases during the pre- 
operative period may provide a minimally invasive technique that would aid in 

15 reducing ileus in susceptible patients, thus hastening postoperative recovery and 
reducing hospital stay. 



Example 5. Protocols for the Treatment of Ileus. 

The following example illustrates protocols for use in treating patients before, 

20 during, and/or after surgical procedures, e.g., a transplant (e.g., SITx) or non-transplant 
procedures (e.g., a procedure from which ileus can result). The example includes 
protocols for treating ileus, e.g., ileus resulting from transplant and non-transplant 
procedures, and additional protocols for treating donors, the gastrointestinal tract or a 
portion thereof, e.g., a small intestine, and recipients with CO in a transplantation 

25 procedure. Any one or more of the following procedures may be used in a given 
surgical procedure. 



Treatment of Patients 

CO can be administered systemically or locally to a patient prior to, during, 
30 and/or after a surgical procedure is performed in the patient or after a patient is 

diagnosed with ileus (e.g., ileus resulting from surgery or resulting from conditions not 
involving surgery). Patients can inhale CO at concentrations ranging from 10 ppm to 
1000 ppm, e.g., about 100 ppm to about 800 ppm, about 150 ppm to about 600 ppm, or 
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about 200 ppm to about 500 ppm. Preferred concentrations include, e.g., about 30 
ppm, 50 ppm, 75 ppm, 100 ppm, 125 ppm, 200 ppm, 250 ppm, 500 ppm, 750 ppm, or 
about 1000 ppm. CO can be administered to the patient, intermittently or 
continuously, starting 0 to 20 days before the procedure is performed, e.g., starting at 

5 least about 30 minutes, e.g., about 1, 2, 3, 5, 7, or 10 hours, or about 1, 2, 4, 6, 8, 10, 
12, 14, 18, or 20 days, or greater than 20 days, before the procedure. Alternatively or 
in addition, CO can be administered to the patient during the procedure, e.g., by 
inhalation and/or topical administration. Alternatively or in addition, CO can be 
administered to the patient after the procedure, e.g., starting immediately after 

10 completion of the procedure, and continuing for about 1, 2, 3, 5, 7, or 10 hours, or 
about 1, 2, 5, 8, 10, 20, 30, 50, or 60 days, indefinitely, or until normal bowel motility 
is restored, after the completion of the procedure. 



Transplant Procedures 

1 5 Treatment of a Donor 

Prior to harvesting an organ or portion thereof, the donor can be treated with 
inhaled carbon monoxide (250 ppm) for one hour. Treatment can be administered at 
doses varying from 10 ppm to 1000 ppm for times varying from one hour to six hours, 
or for the entire period from the moment when it becomes possible to treat a brain- 

20 dead (cadaver) donor to the time the organ is removed. For a human donor, treatment 
should start as soon as possible following the declaration that brain death is present. In 
some applications, it may be desirable to begin treatment before brain death. 

For non-human animals (e.g., pigs) to be used as xenotransplantation donors, 
the live donor animal can be treated with relatively high levels of inhaled carbon 

25 monoxide, as desired, so long as the carboxyhemoglobin so produced does not 

compromise the viability and function of the organ to be transplanted. For example, 
one could use levels greater than 500 ppm (e.g., 1000 ppm or higher, and up to 10,000 
ppm, particularly for brief times). 

30 Treatment of the organ in situ 

Before an organ is harvested from a donor, it can be flushed or perfused with a 
solution, e.g., a buffer or medium, while it is still in the donor. The intent is to flush 
the organ with a solution saturated with carbon monoxide and maintained in a carbon 
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monoxide atmosphere so that the carbon monoxide content remains at saturation. 
Flushing can take place for a time period of at least 10 minutes, e.g., 1 hour, several 
hours, or longer. The solution should ideally deliver the highest concentration of 
carbon monoxide possible to the cells of the organ. 

5 

Treatment of the organ ex vivo 

An organ, such as a small intestine, can be preserved in a medium that includes 
carbon monoxide from the time it is removed from the donor to the time it is 
transplanted to the recipient. This can be performed by maintaining the organ in the 
10 medium comprising CO, or by perfusing it with such a medium. Since this occurs ex 
vivo rather than in an animal, very high concentrations of CO gas can be used (e.g., 
10,000 ppm) to keep the medium saturated with CO. 

Treatment of a Recipient 

15 Treatment of the recipient with CO can begin on the day of transplantation at 

least 30 minutes before surgery begins. Alternatively, it could begin at least 30 minutes 
before re-perfusion of the organ in the recipient. It can be continued for at least 30 
minutes, e.g., 1 hour. Carbon monoxide doses between 10 ppm and 3000 ppm can be 
delivered for varying times, e.g., minutes or hours, and can be administered on the day 

20 of and on days following transplantation. For example, the patient can inhale a 

concentration of carbon monoxide, e.g., 3000 ppm, for three consecutive 10 second 
breath holds. Alternatively, a lower concentration of the gas can be delivered 
intermittently or constantly, for a longer period of time, with regular breathing rather 
than breath holding. Carboxyhemoglobin concentrations can be utilized as a guide for 

25 appropriate administration of carbon monoxide to a patient. Usually, treatments for 

recipients should not raise carboxyhemoglobin levels above those considered to pose an 
acceptable risk for a patient in need of a transplant. 

It is to be understood that, while the invention has been described in conjunction 
with the detailed description thereof, the foregoing description is intended to illustrate 

30 and not limit the scope of the invention, which is defined by the scope of the appended 
claims. Other aspects, advantages, and modifications are within the scope of the 
following claims. 
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WHAT IS CLAIMED IS 

1. A method of treating ileus in a patient, the method comprising: 

identifying a patient suffering from ileus; and 
5 administering to the patient a pharmaceutical composition comprising an 

amount of carbon monoxide effective to treat ileus in the patient. 

2. The method of claim 1, wherein the ileus is ileus of the small intestine. 
10 3. The method of claim 1 , wherein the ileus is ileus of the colon. 

4. The method of claim 1, wherein the ileus is ileus of the stomach. 

5. The method of claim 1, wherein the ileus is post-surgical ileus. 

15 

6. The method of claim 1, wherein the ileus is post-partum ileus. 



7. The method of claim 1, wherein the pharmaceutical composition is administered to 
the patient via inhalation. 

8. The method of claim 1, wherein the pharmaceutical composition is in liquid form 
and is administered to the patient orally. 



9. The method of claim 1, wherein the pharmaceutical composition is administered 
25 directly to the abdominal cavity of the patient. 



10. A method of treating ileus in a patient, the method comprising: 

identifying a patient suffering from or at risk for ileus caused by an abdominal 

surgery selected from the group consisting of: surgery of the urogenital system; the 
30 digestive system; the lymphatic system; the respiratory system; surgery of the 

diaphram; surgery to treat cancer; endometrial surgery; and orthopedic surgery; and 
administering to the patient a pharmaceutical composition comprising an 

amount of carbon monoxide effective to treat ileus in the patient. 
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11. The method of claim 10, wherein the ileus is ileus of the small intestine. 

12. The method of claim 10, wherein the ileus is ileus of the colon. 

5 

13. The method of claim 10, wherein the pharmaceutical composition is administered 
to the patient via inhalation. 

14. The method of claim 10, wherein the pharmaceutical composition is in liquid form 
1 o and is administered to the patient orally. 

15. The method of claim 10, wherein the pharmaceutical composition is administered 
directly to the abdominal cavity of the patient. 

15 16. A method of treating ileus in a patient, the method comprising: 

identifying a patient suffering from or at risk for ileus not caused by surgery; 

and 

administering to the patient a pharmaceutical composition comprising an 
amount of carbon monoxide effective to treat ileus in the patient. 

20 

17. A method of treating ileus in a patient, comprising: 

(a) providing a vessel containing a pressurized gas comprising carbon 
monoxide gas; 

(b) identifying a patient suffering from ileus; 

25 (c) releasing the pressurized gas from the vessel, to form an atmosphere 

comprising carbon monoxide gas; and 

(d) exposing the patient to the atmosphere, wherein the amount of carbon 
monoxide in the atmosphere is sufficient to treat ileus in the patient. 

30 18. A vessel comprising medical grade compressed carbon monoxide gas, the vessel 
bearing a label indicating that the gas can be used to treat ileus in a patient. 
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19. The vessel of claim 18, wherein the carbon monoxide gas is in admixture with an 
oxygen-containing gas. 

20. The vessel of claim 19, wherein the carbon monoxide gas is present in the 
5 admixture at a concentration of at least about 0.025%. 

21. The vessel of claim 19, wherein the carbon monoxide gas is present in the 
admixture at a concentration of at least about 0.05%. 

10 22. The vessel of claim 19, wherein the carbon monoxide gas is present in the 
admixture at a concentration of at least about 0.10%. 

23. The vessel of claim 19, wherein the carbon monoxide gas is present in the 
admixture at a concentration of at least about 1.0%. 

15 

24. The vessel of claim 19, wherein the carbon monoxide gas is present in the 
admixture at a concentration of at least about 2.0%. 
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